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PREFACE

This book is intended primarily asaclassroom training text for NROTC
and OCS students. Other principal users will be officers enrolling in the
correspondence course based on this text, and NROS students.

This is the second volumeof a three-volume series dealing with naval
weapons. The first volume, Principles of Naval Ordnance and Gunne )
NavPers 10783-A, deals with shipk naval weapons systems, Inclu
guns, rockets, bombs, torpedoes, mines, and depth charges, but not
guided missiles and nuclear weapons. The basic sciences as applied to
naval weapons, including fire ccntrol, are explained. ‘

The present volume' deals with many basic principles and theories
needed for understanding guided missile flight and control, and basic nu-
clear weapons information. The fundamentals of the different types of
missile guidance are discussed.

Because its distribution isnot limited by security regulation, it isnec-
essarily general in nature with minimum reference to actual weapons in
current use. Considerabledetail isgivenonthe effectsof nuclear weapons
but not on the construction or operation of the ‘weapons.

The user should bear in mind that this text isnot designed for mainte-
nance or for operating personnel, nor for use as a manual on operations
or tactics. . - T |

The third volume, Navy Missile Systems, NavPers 10785-A, describes
specific Navy missile systems, illustrating the application of the prin-
ciples explained here. : - , o '

The text and illustrations of this book were prepared by the Train-
ing Publications Division, Naval. Personnel Program Support Activity,
Washington, D. C. 20380, for the Bureau of Naval Personnel. Credit
for technical assistance is given to the Bureav of Naval Weapons, Officer
Candidate Scliool, Newport, R. I., NROTC Unit, University of Texas,

Austin, Texas, and NROTC Unit, University of Oklahoma, Norman,
Oklahoma.

"

RS TR O IAEY PLIIRS IR T T e i e e b LA Bk sy T S e el e

Original Edition 1959
Revised 1966

T Qe st o6 e B e S ke




THE UNITED STATES NAVY

| GUARDIAN OF OUR COUNTRY

The United States Navy is responsible for maintaining control of the sea
" and is a ready force on watch at home and overseas, capable of strong
action to preserve the peace or of instant offensive action to win in war.

it is upon the maintenance of this control that our country’s glorious . |
" tuture depends; the United States Navy exists to make it so. :

WE SERVE WITH HONOR

Tradition, valor, and victory are.the Nﬁvy's heritage from the past. To .
these may be added dedication, discipline, and vigilance as the watchwords
of the present and the future.

At home o on distant stations we serve with pride, confidentin the respect
of our country, our shipmates, and our families.

Our responﬁibilities sober us; our adversities strengthen us.

Service to God and Country is our special privilege. We serve with honor.

" THE FUTURE OF THE NAVY

The Navy will always employ new weapons, new techniques, and
greater power to protect and defend the United States on the sea, under
the sea, and in the air. '

Now and in the future, control of the sea gives the United States her
greatest advantage for the maintenance of peace and for victory in war.

Mobility, surprise, dispersal, and offensive power are the keynotes of
the new Navy. The roots of the Navy lie in a strong belief in the
future. in continued dedication to our tasks, and in reflection on our
heritage from the past.

Never have our opportunities and our res_ponsibilities been greater.
Al
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PART 1.-GUIDED MISSILES

CHAPTER 1

INTRODUCTION TO GUIDED MISSILES

GENERAL
DEFINITION

A GUIDED MISSILE {8 an unmanned vehicle
that travels above the earth's surface; it carries
an explosive warhead or other useful payload;
and it contains within itself some means for con-
trolling its own trajectory or flight path. A glide
bomb is propelled only by gravity. But it con-
tains a device for controlling its flight path, and
is therefore a guided missile.

The Navy's guided missiles, including Ter-
rier, Tartar, Talos, Sidewinder, Sparrow, Bull-
Pup, and Polaris, meet all the requirements of
the above definition.

The Army's Honest John (now obsolete) is a
3-ton rocket that is capableof carrying a nuclear
warhead. Because it contains no guidance sys-
tem, Honest John is not a guided missile. The
Navy's homing torpedoes are self-propelled
weapons with elaborate guidance systems. The
homing torpedo can hunt for a target and, when
it finds one, steer towarditona collision course.
Because it does not travel abovethe earth's sur-
face, the homing torpedo is not aguided missile.

A MISSILE is any object that can be pro-
jected or thrown at a target. This definition
includes stones and arrows as well as gun
projectiles, bombs, torpedoes, and rockets. In
current military usage, the word MISSILE tis
gradually becoming synonymous with GUIDED
MISSILE. It will be 80 used inthis text; we will
use the terms MISSILE and GUIDED MISSILE
interchangeably. This permits inclusion of the
Asroc, which is not a guided missile, butis a
missile, an important one inship missile weapon
systems. Another missile is Subroc, which is
fired underwater from a torpedo tube, is guided
during its air flight, returns to the water, and
acts as a depth charge.

SCOPE OF THE TEXT

Part I of this book is a brief introduction to
the basic principles that govern the design,
construction, and use of guided missiles. Part
Il deals with nuclear weapons. Many of the
principles we will discuss apply to all missiles;
most of them apply to more thanone. The treat-
ment will necessarily be general. Security re-
quirer” ~+ts prevent any detailed description of
specific missiles in an unclassified text. This
text will therefore contain very little informa-
tion about specific missiles; they will be de-
scribed in some detail in a supplementary vol-
ume, Navy Missile Systems, NavPers 10785-A.

The reader will find some repetition in this

text; this is intentional. The subject is com--

plex; it deals with many different phases of
science and technology. The beginning student
of guided missiles faces a paradox. We might
say that you can't thoroughly understand any
part of a guided missile unless you understand
all the other parts first. We will deal with
this' problem by first discussing the guided
missile as a whole, with a brief consideration
of itspropulsion, control, guidance, and launch-
ing systems. Each of these subjects will then
be treated at some length in one or more later
chapters.

All guided missiles contain electronic de-
vices; some of these devices are very complex.
A sound understanding of the operating prin-
ciples of missile guidance is very difficult with-
out some background in basic electricity and
electronics. Students who have no background
in electronics should use Introduction to Elec-
tronics, NavPers 10084; it shculd, if possible,
be supplemented by further reading in basic
texts on electricity and electronics. .

Y.o19
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

WEAPONS SYSTEMS

The missiles alone are useless for defense
or offense without the remainder of the weapons
system. A weapons system is vitally dependent

. on search radar inputs, command and control

devices, and power supplied from other equip-
ments. A missile weapons system consists ofa
weapon direction system, one or more firecon-
trol systems, the launching system, and the
migsiles. The missiles may be all of one type
or {nere may be twoormore typesin the system
on a ship.

A mere listing of the components of a weapons
system would be rather lengthy. Many trained
men are needed to operate the various parts.
The coordination and cooperation required to
make all components and personnel work to-
gether properly is not a sifpletask. It requires
a thorough knowledge of the interrelationship
and interactions involved. Intensive technical
training is necessary for the technicians who
operate and maintain the equipment, each in his
own specialty. A network of communication
facilities is necessary for communication be-
tween the men operating the different units.

' Officers must have a goodbackgroundknowl-
edge of how a weapons system operates, and the
interaction and dependence of the variousparts.
This book will not describe the components of a

_weapons system, other than the missiles, nor

thetr functioning. Officer texts and correspond-
ence courses are available for specialty study,
such as Combat Information Center Officer,
NavPers 10823-B.

PURPOSES AND USES OF
GUIDED MISSILES '

The primary mission of our Navy is concrol
of the seas. We propose to keep the sea lancs
open for our own and for friendly commerce; in
time of war, we propose to deny use of the sea
to our enemy. Historically, this mission has
been accomplished by the useof warshipsarmed
with the most advanced weapons of their time.
When John Paul Jones challenged the British
control of the seas, his warships carried guns
having an effective range ofafewhundredyards.
In the Civil War, the Union Navy maintained a
successful blockade of southern ports with the
help of guns that could shoot a little more than
a mile. The battleships of World War I carried
rifled guns with an effective range intheorder of
15 miles. When aircraft became more effective
weapons than guns, in both range and striking

6‘3}.
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power, aircraft became the primary weapon of

the Navy. The battle of the Coral Sea, in 1942,

was the first major naval engagement in which
surface ships did not exchange a single shot.

When a navy so controls the seas that it can
safely approach the enemy coast, it can extend
its striking power inland to the distance its
weapons can reach. A heavy cruiser can bom-
bard enemy installations about 15 miles inland.
Carrier-based aircraft extend the Navy's force
for hundreds of miles over enemy territory.
Thus, during the Korean War, the wholeof North
Korea was subject to attack by carrier-based
‘aircraft of the U. S. Navy.

The Navy's..Regulus guided missile had a
range comparable to that of a carrier-based
aircraft. It was designed so it could also be
launched from a submarine, even where we did
not control the surface of the sea. Although
Regulus is being phased out, it gave valiunt
service as it forerunner of Polaris. Some of the
missiles will be used as drones for training
purposes. ) :

The Polaris missile, called the Fleet Ballis-
tic Missile (FBM), also submarine-launched,
extends the Navy's striking power far inland.
Early models of the Polaris had a rangeof 1500
miles; advanced Polaris has a range of about
2500 miles. With such a range, even the most
remote place on earth can be reachedby its fire
power, while the submarine that firesitremains
submerged, undetected by the enemy.

One of the strongest elements inournational
defense is the Strategic Air Command (SAC),
which can launch a devastating nuclear attack
against any enemy within a few minutes after
notice. But SAC bases are large, and expensive
to build and maintain. Thetirpositionisinown tc
our possible enemies. At the outbreak of war,
they would probably be the first objective ina
surprise attack.

The intercontinental ballistic missile (ICBM)

“carries a nuclear or thermonuclear warhead.
It can reach its target or-another continent within
minutes after launching. It can approach the
target at such a speed that any countermeasures
may be very difficult. Itsshore-basedlaunching
sites are small, relatively cheap to build and
maintain, and relatively easy to conceal. Be-

.,cause they can be widely dispersed, they are

' ‘difficuit to attack even if theirlocationisknown.
ICBMs launched from shipboard would have a
mobile base, of course, which could be maneu-
vered as necessary to evade the enemy or to
come within range of the target.

L
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Chapter 1~INTRODUCTION TO GUIDED MISSILES

The ICBM does not face the problem of re-

turning safely to friendly territory after com-

pleting its mission, for guided missiles are
expendable by design, while our strategicbomb-
ers and their crews are not. SAC has been
supplemented by the ICBM,- _

An Intercontinental Ballistic Missile (ICBM)
has a range of over 3000 nautical miles. In this
class are the Atlas (5500to 9000 nautical miles),
Minuteman (over 5000 nautical miles), and Titan
(about 5000 nautical w:lies). These missiles
were developed by the Air Force, and are shore-
launched. '

An Intermediate Range Ballistic Missile
(IRBM) has a range up to 1500 nautical miles.
This term is now applicable only to Thor and
Jupiter, both of them Air Force Missiles, and
both being phased out. ,

Some missiles have a range in the interval
500 to 3000 nautical miles. The Navy's Regulus
I is in this range group.

group. Hound Dog, Mace, and Matador are Atr
Force missiles in this range.
Each of the serviceshas several short-range

" missiles that are operational. The Navy mis-

siles in this group include Bullpup, Sidewinder,
Sparrow III, Talos, Tartar, and Terrier. Others
are under development. One of the atms in the
development of advanced types of missiles is to
increase their range as well as their accuracy
and dependability. . '

Modern military aircraft can fly so high and
80 fast that conventional antiaircraft guns are
ineffectual against them during high flights. As
you know, a gunisnotaimed directly at a moving
target; it must be so aimed that both the pro-
jectile and the target will reach apredicted point
at the same time. During the flight time of the
projectile, a high-speed aircraft will travel
several miles. The projectile cannot changeits
trajectory after it is fired; the aircraft can,and
a slight change of course can take it beyond the
lethal range of the projectile burst.

The surface-to-air guided missile caninter-
cept attacking aircraft at greater heights and
greater ranges than any projectile. If the air-
craft changes its course or takes evasiveaction
to escape the missile, theguidance systemof the
r-.issile will change its course accordingly to
follow the aircraft up to the instant of intercep-
tiono ’ :

Afrcraft attacking a ship headon, or low-flying
slower speed aircraft and helicopters used for
strafing and spotting, could come within rangeof

TR R
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Its successor, the
Polaris, has a greater range, but is still in this "~

the AA guns if not brought down by missiles.
High-speed aircraft flying at low altitudes (pos-
sibly to avoid radar detectionand tracking) are
susceptible to AA guns and conventional gunfire.

Guided missiles are becoming increasingly
important in aircraft armament. When two jet
aircraft are approaching eachother head-on, the
range closes at a speed betweenone-halfand one
mile per second. Under these conditions it is
difiicult evento seean enemy aircraft, andhitting
it with conventional aircraft weapons is largely
a matter of luck. But the air-to-air missile can
“lock on” the hostile aircraft while it is still
miles away, and can pursue and hit thetarget in
spite of its evasive maneuvers.

The defense of a naval task force against air
attack ts somewhat similar to that of defending
an American city or industrial area against air
attack. The enemy attack will be detected by
long-range search radar while the attacking
planes are hundreds of miles from the target.
Ashore, the early warning radars, called Ballis-
tic Missile Early Warning System (BMEWS), are
located at distant outposts inCanada and-Alaska.
At sea, they areaboard picket ships at some dis-

tance from the main body of thetaskforce. The -

first line of defense will probably be interceptor
aircraft, which will attack the enemy planes with
air-to-air missiles. A second line of defense
may consist of moderate range surface-to-air
missiles, which. will intercept the attacking
planes at ranges-‘from about 20 to more than 65
miles. A third line would consist of shorter
range missiles, designed to intercept at ranges
between about 5 and 20 or 30 miles, and anti-
aircraft guns with ranges up to 10 miles.

Protection against underwater attack is af-
forded by missiles, such as Asroc, homing
torpedoes, and depth bombs, all of which are in-
tluded in the antisubmarine warfare (ASW)
arsenal. A study of the statistics of submarine
devastation in past wars might convinceyou ASW
is more important than anti-air warfare. Al-
though there is a difference of opinion as to the
relative importance of these two types of de-
fenses, the Navy has not neglected either one.
We have antisubmarine weapons to be dropped
from airplanes, to be fired from surface ships,
and to be fired from submarines.

Because the defense system outlined above
is formidable, it is improbable that enemy air-
craft will try to bomb our cities, or attack a task
force with bombs or torpedoes. Enemy attacks
are more likely to be with air-to-surface mis-
siles, launched at a range of perhaps a hundred

g




PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

miles or more, and submarine or surface-fired
missiles.

The question remains: how do wedefend our-
selves against enemy intercontinental ballistic
missiles, air-to-ground missiles, and
submarine-launched missiles? We must assume
that the enemy has weapons as swift and lethal
ag ours. The early mods of Nike and Terrier
migsiles were designed to shoot down jet air-
craft. They were swift enough for that,but with
the development of ICBMs, which canbelaunched
from foreign shores, or possibly from hidden
submarires, defense requires shooting downthe
missiles launched by our enemies. The answer
is antimissile missiles. They must be capable
of launch or very short notice, extremely fast,
and extremely maneuverable. Theycanbe rela-
tively small, justbig enoughto explodethe enemy
missile high in the air (orinthe water) before it
can reach its target. Suchantiballistic missiles
(ABMs) are being developed and means arebeing
explored for rendering enemy missiles inetfec-
tive within range of our shores or ships.

When the antimissile missile becomes oper=-
ational, it will probably lead to further develop-
ments. Our aircraft carry air-to-air missiles
for defense against enemy aircraft; an inter-
continental ballistic missile might carry air-to-
air missiles for defense against other missiles.
These might becalled anti-antimissile missiles,
though if we have the ingenuity to develop such

weapons we may be able to think of a shorter

name for them.

Such speculations about the future are not
very instructive. But this prediction is safe:
the effort to develop faster and better missiles,
and the race between missiles and missile
countermeasures, will continue as long as the
threat of war exists, or until some new and
unforeseen weapon makes guided missiles obso-
lete.

INTRODUCTION TO
MISSILE TYPES

To perform the various functions outlined
above, migsiles of many different types mustbe
developed.
show the number of missile types now opera-

tional or in various stages of development. It’

can be assumed that other missiles, not yet
amnounced, are being developed.

The Navy s Sidewinder is a relatively smau
air-to-air missile with a range of a few miles.
A BSidewinder costs about as much as a good

A list, later in this chapter, will

used car. It resembles an ordinary atrcraft
rocket; it differs, of course, inhaving a guidance
system, and movable control surfaces by which
the guidance system can control its flight path.
At the other extreme, the ICBM has a range of
thousands of miles, with size and weight in
proportion; its proportional cost is even higher.
The ICBM, like most missiles, has the familar
rocket shape. Some of the earlier missiles
resembled conventional aircraft; they differed
from aircraft in having a gutdance system rather
than a pilot. They were designed to dive into
their targets rather thanreleaseabomb loadand
return.

Guided missiles are classified in a number
of different ways, perhaps most oftenby function,
such as air-to-air, surface-to-air, or air-to-
surface. The new designation symbols for mis-
siles and rockets classify them according tothe
launch environment (R for ships), mission (G for
surface attack; U for underwater attack), and
vehicle type (M for missile).

A nonballistic missile t8 propelled during all
or the major part of its flight time; the propul-
ston system of a ballistic missile operates for
a relatively short time at the beginning of flight;
thereafter, the missile follows 2 free ballistic
trajectory like a bullet (except that this trajec-
tory may be subject to correction, if necessary,
by the guidance system). Some missiles are
designed to travel beyond the earth's atmos-
phere, and reenter asthey near thetarget. Others
depend on the presence of air for properopera-
tion of the control surfaces, the propulsion sys-
tem, or both.

Missiles may be further classified by type
of propulsion system, such as turbojet, ramjet,
or rocket; or by type of guidance, such as com-
mand, beam-riding, or homing.

INTRODUC TION TO MISSILE
GUIDANCE

The missile guidance system keeps the
missile on the course that will cause it to
intercept the target. It does this in spite of
initial launching errors, in spite of wind or
other forces acting on the missile, and in spite

.of any evasive actions that the target may take.

The guidance system may be provided with

- certain information about the target before

launching. During flight it may receive addi-
tional information, either by radio from the
launphing site or other control point, or from
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the target itself. On the basis of this infor-
mation, the guidance system will calculate
the course required to intercept the target,
and it will order the missile control system
to bring the missile onto that course.

From the paragraph above, it might be in-
ferred that the guidance system is an intelli-
gent mechanism that can think. This, of course,
is untrue. The missileguidance system isbased
on a relatively simple electronic computer. But
even the most complex computers, such as Uni-
vac and other “giant brains,” cannot think.
Thinking is a consciousprocess, confined to man
and few of the high r animals. No matter how
complex it may be, a computer is simply a ma-
chine built so that when certain things happen,
certain other things will result. The design of
a computer is nothing more than an advanced
exercise in the logic of cause and effect. A com-
puter can take no action that isn't built into it
by its designer (except, of course, the erratic
action that might result from a bad connection
or a faulty component).

In the later chapters of this textyou will find
statements such as this: *When Terrier detects
an AM signal, it knows it is off the beam center,
but it does not know, from the AM signal, which
way to go to get back to beam center.” We make
such statements without further apology, but it is
essential that the gtudents understand what we
are doing. We are using a convention, because
it saves time and space. Rememberthata mis-
sile doesn't “know,” or “see,” or “think,” or
“dectde.”

Several distinct types of guidance are pos-
sible; a given missile may use one type, or a
combination of two or more. These types
include preset, homing, command, beam-riding,
and inertial guidance, besides some less-known
ones such as celestial, celestial-inertial,
terrestrial-reference, and stellarguidance sy8-
tems.

Although it cannot be called a guided missile,
the air-steam torpedo has a simple guidance

system. Before launching, its gyrois set for a -

predetermined course; thegyroholdsthe torpedo
on that course throughout its run to the target.
The torpedo is capable of steering itself, but it
receives no information after the tnatant of
launching. This is PRESET guidance: The
German V-1 is another example. Before launch-
ing, it was set to follow a given course, and to
dive on its target after traveling a preset dis-
tance.

S 5 |

The German V-2 used a combination of pre-
set and COMMAND guidance. Beforelaunching,
it was set to climb vertically for a certain dis-
tance, and then turn onto the desired course.
Speed and position of the V-2 were determined
by a radar at the launching site. This informa-
tion was analyzed by a computer, which deter-
mined when the missile had reached a position
and speed that would carry it, along a ballistic
trajectory, to its target. At that instant, the
missile propulsion system was shut down by
radio command.

The Army's Nike surface-to-air missile is
a more modern exampleof command guidance.
Throughout the missile flight, radars at the
launching site track both the missile and its
target. A computer continuously calculates
the course that the missile mwst follow to
reach the point of intercept. Throughout its
flight, Nike is steered along the desired course
by radio commands fron the ground.

Sidewinder has a HOMING guidance system,
sensitive’ to infrared (heat) radiation, It will

steer itself toward any strong source of in- -

fraredi~ The exhaust of a jet aircraft is such a
source, and Sidewinder can steer itself “right
up the tailpipe” of an enemy jet.

- Infrared is not the only basis for homing
g'uldance. A missile can be designed to home
on light, radio, or radar energy given off by,
or reflected from, the target. It could also,
like a homing torpedo, be designed to home on
a source of sound waves; but because a guided
missile travels at from one to a dozen times
the speed of sound, such a system would not
be practical. However, sound waves are used
for detecting underwater targets, The word
“Sonar” means Sound Navigation and Ranging
systems, and includes all types of underwater
sound detection devices. The Asroc torpedo
uses sonar detection in its underwater phase.

Because its source of information is energy
given off by the target itself, Sidewinder guid-
ance is an example of PASSIVE homing. Other
missiles carry a radar transmitter, “illumi-
nate” the target with a radar beam, and home
on the radar energy reflected from the target.
This is an ACTIVE homing guidance system.
A SEMI-ACTIVE system is also possible; the
target is illuminated by a radar beam from the
launching site or other control point, and the
missiie homes on energy reflected from the
target. )

The Navy’s Terrier is similar to Nike in
both function and performance; but its guidance

wl
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gystem 1is entirely different. Terrier uses
BEAM-KIDER guidance. A radar transmitter
at the launching site keeps a narrow beam of
radar energy continuously trained on the tar-
get. Terrier simply rides up the beam.

Intermediate-range (around 1500 miles) and
long-range (3000 miles or more) missiles may
use a NAVIGATIONAL guidance system. The
missile determines its own position in relation
to the target, calculates the course required to
reach the target position, and steers itselfalong
that course. - A missile may be designed to
navigate with the help of radio or radarbeacons,
just as a ship may navigate with the help of
Loran. A missile may navigate by dead reckon-
ing, through the use of an INERTIAL guidance
system. - It may navigate by taking star fixes
through a telescope (ceiestial navigation), or by
examining the ground with radar and.comparing
what .it sees with a map. Or it may use a com-~
bination of two or raore o’ these methods.

As previously stated, a miasile may have
more than one type of guidance system, and
switch from one to another during its flight.
For example, a long-range missile may climb
to a preset height and turn onto a -preset
course shortly after launching, then navigate
to the target vicinity, and finally home on the
infrared or other energy given off by the tar-
get. Or a surface-to-air missile may ride a
radar beam until it gets near the target, then
switch over to homing guidance.

COMPONENTS OF GUIDED MISSILES

In the course of thediscussionthus far, some
of the components of guided missiles have been
mentioned. Every missile has a framework,
called the airframe, to contain the components.
In the airframe is the warhead, the propulsion
system (including the fuel), guidance system,
control gystem, and an auxiliary power system.
Chapter .3 defines each component; fuller de-
scriptions are given in other chapters. Each
system has many parts, some of them intricate
and delicate, with a network of electrical, hy-
draulic, and mechanical connections linking all
parts. The next section describes the develop-
ment of some of the components and ways in
which the changes affected the missiles. :The
improvement of missiles isa continuing process
to increase the reliability, simplicity, range, and
lethality of the weapons. As significant improve-
ments are achieved, older missiles are phased
out and new ones are installed. )

HISTORY OF GUIDED MISSILES
INTRODUCTION

The brief sketch that follows will enable
the student to view the present day guided
missile in a historical perspective, and to
consicer the most recent {evelopments in their
relation to early experiments. It servesnoother
purpose; it is not neceusary ‘0 memorize the
dates listed here.

Gutded missiles, as defined at the beginning -
of this chapter, were first used in World War
II. But they could nnt have been built at that
time without previous experiments in both
propulsion systems and guidance. We will
look briefly at early developments in both of
those fields. ©ur latest missiles, of course,
are based alsc on developments in many other
fields, including mass production techniques,
metallurgy, aerodynamics, radar, and elec-
tronic computers; but we cannot describe the
evolution of those developments here.

PROPULSION SYSTEMS

Weapon propulsion systemsareusually clas-
sified as gun type, reaction type, and gravity
type. Gun type propulsion systems are also
called impulse propulsion systems and include
all weapons in which a projectileis ejected from
a cortainer, such as a gun barrel or a launching
tube. The only application of this type of pro-
pulsion in missiles is for the “ship-clearing®

‘porticn of the journey of some missiles and

torpedoes.”

Older type glide bombs and other gravity-
powered missiles are obsolete. Although
propeller-driven aircraft, under radio control,
have been used as target drones, a propeller-
driven guided missile would be too slow to be
effective. Most current missilesdependonsome
form of jet or rocket propulsion (reaction type
propulsion system). An exceptionisthe Walleye,
a glide bomb type under developinent.

The development of present day gi).ied mis-
siles was dependent on the deveiopi..ent of jet

"propulsion, although the experimental work was

done for the purpose of developing a jet engine
for planes.

- In France, in 1909, Guillaume: outlined the
basic theory of turbojet propulsion. In 1927,
the Italian Air Ministry built and tested a plane

“driven by a form of mechanical jet propulsion.

The fusclage of this plane was shaped like a
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tube, with flaring ¢nds. A convertional pro-
peller was mouited in the throaf of the tube,
forming a ‘‘ducted propeller’’ installation. This
craft had good maneuverability and good sta-
bility, but in other respects its performance
was pocz. In 1932, Campini, anItalian, designed
and later flew the first plane powered by a

thermal jet; it differed from modern jets in -

using a piston engine, rather than a turbine,
as a compressor. - -

After Campini’s successful flight, develop-
ment of improved jet engines was undertaken
in several countries. In England, in 1930,
Frank Whittle patented a jet engine based on
the principles used in modern jet aircraft.
After combustion, the exhaust gases of the jet
were used to spin a turbine; the turbine, in
turn, drove the compressor. The first suc-
cessful flight of a turbojet powered atrcraft
was made in England in May 1941. Inthe
U. 8., development of jet engines was turned
over to General Electric Company because of
its experience with turbine-driven super-
chargers. At present, nearly every manifac-
turer of aircraft engines is developing and
building turbojet engines.

The pulsejet engine uses the forward motion
of the missile or.aircraft, rather than a tur-
bine, to compress the air and fuel vapor before
combustion. The pulsejetprinciple waspatented

‘by a German engineer in 1930, and further de-

veloped by Bleeker, an American, in 1933. The
pulsejet engine was much improved by the Ger-
mans during World War I, and was used to power
their V-1 guided misstle.

The ramjet also depends on forward motion
for compression, but it differs from the pulse-
jet in having no moving parts. The basic idea
of a ramjet was patented by Rene Lorin, a
French engineer, in 1913. This was followed
by a Hungarian patent in 1928, and another
French patent, by Leduc, in 1933. None of
these patenis resulted in a workable ramjet
engine. The basic ideas were sound; but suc-

cessful development of a ramjet engine had .

to wait for extensive data on the behavior of
fluids at extremely high speeds. The first suc-
cessful ramiat flight was made in June of 1945
at the Applie Physics Laboratory of the Johns
Hopkins Untversity in the course of developinga
power plant for the Navy’s Talog missile.

Turbojets, pulsejets, and ramjets all depend

on the presence ofair for the combustionof their .

fuel. C~rgequently, none of them can operate
beyond th. earth’s atmosphere. Rockets, onthe
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other hard, carry their own sourinof oxygen for
combustion, and they operate evin more effi-
ciently in a vacuum than they do in air.

The principle of rocket propulsion has been
known for nearly 2000 years. Inthe Far East,
rockets were used in warfare as early as the
13th century. Several western armies used’
rocket projectiles in the early part of the
16th century, but not very effectively. They seem
to have been of more value in frightening the
enemy than in doing physical damage. The Brit-
ish used rockets in their attack on Washingtonin
1812; and in the Star Spangled Banner, Francis
Scott Key referred to the ‘‘rocket’s red glare’’
during the bombardmentof Fort McHeury. (Some
historians believe that the British wiie using
rockets as signals, rather than weapons.) Mili-
tary interest inrocketslapsed after the middle of
the 19th century, because developments in gus-
nery made gun projectiles zinerior to rpeikets in
range, and far suprerior in accuracy.

Among rocket engineers, Robert H. Goddaréd
is known as the ‘‘Father of Rocketry.’’ Goddard
was born in Massachusetts in 1882. By the time
he earned his Bachelor of Science degrea in
1908, he was obsessed by thoughtsof rocketsand
rocket propulsion. He believed, quite correctly,
that rocket propulsion would be the most sultible
means for sending measuring instrumentstcthe
top of the earth’s atmosps 're, and eveliually %
the moon. U t+:3ka vimenoone had investigated
the physics of rocket propulsion, and no onehad
worked out thenecessary mathematics. Goddard
decided to do both. '

‘Before Goddard’s experiments, rocketscon-
sisted of a quantity of propellant packed in a
cylindrical tube. Goddard discovered that by
forming the after end of the tube into a smooth,
tapered nozzle, he could increase the ejection
velocity of the combustion gases eight times
without increasing the weight of the fuel. Accord-
ing to Goddard’s calculations this would, for a
given weight of tuel, drive the rocket eight times
as fast and sixty-four times as far.

Goddard was given a Navy commission in
1817, and assigned to the job of improving the
Navy’'s signal rockets. This assignment en-
abled him to continue his development of rocket
theory. After the war he summarized his
theories and experience in . a paper called
A Method of Reaching Extreme Altitudes. This
report, published by the Smithsonian Institution
in 1920, consisted almost entirely of equations,
formulas, and tables, but it contained one state-
ment of general interest. It proposed the idea

-, o‘ e
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. of multi-stage or step rockets—that is, one

rocket carrying another-and said that by this
means-a rocket could be sentto the moon, where
it could explode a chargeofflash powder to make
a light visible from the earth.

During the twenties and early thirties, God-
dard continued his experiments with the help
of a small salary (as professor of physics
at Clark University) and grants from the Gug-
genheim and Carnegie Foundations., His list
of accomplishments is impressive. We have
mentioned his idea of multi-stage rockets,
and his design of the tapered nozzle. He was
the first to suggest that a liquid-fueled rocket
could provide the sustained thrust necessary
for sending a vehicle into space. He was
the first to actually launch a successful liquid-

fueled rocket. (That was on 18 March, 1926; -

the rocket reached an altitude of 184 feet.)
He proved, first by calculation and later by ex-
periment, that rocket propulsion canbeusedina
vacuum. He was the first to fire a rocket that
traveled faster than sound; he was the first to
develop a gyroscopic steering mechanism for
rockets; and he was the first to usevanes in the
jet exhaust stream to stabilize the rocket during
the first phase of its flight. .

But Goddard was forced to end his experi-
ments in 1935, for lack of funds. During
World War II he again worked for the Navy,
this time to develop rockets to aid the takeoff
of the Navy’s flying boats. He died in 1945.
NASA’s (National Aeronautics and Space Admini-
stration) Goddard Space Flight CenteratGreen-
belt, Md. is just one of many activities named
in his honor.

A group of rocket enthusiasts, inspired by
Goddard’s experiments, formed the American
Rocket Societ in 1930. During the thirties
this group performed a nmumber of important
experiments with rocket motors, but their
work was limited in scope by lack of money.

Hermann Oberth is a German counterpart
of Goddard. Like Goddard, he worked on the
physics and mathematics of rocket propulsion
during the first World War. There is good
evidence that he independently conceived the
idea of multiple-stage liquid fuel rockets. He
read Goddard’s report shortly after it was
published, and in 1923 published a book of his
own, called The Rocket into Inter

v 8 was
%ﬁlc exploration of the upper atmosphere,
but to Oberth, every improvement in rocketry
was simply a toward the eventuil develop-

ment of space ships. Oberth’s book discussed
the possibility of putting an artificial satellite
into orbit around the earth. (Except for a

science-fiction story published in 1870, that
was the first time this idea had been expressed
in print.) Oberth believed that passengers
could travel to and from the satellite in smaller
‘‘landing rockets.’’ In this. way, the satellite
could be transformed into a manned space
station, which could ultimately serve as a_
launching point for space ships. Neither
Goddard nor Oberth mentioned the possible
use of rockets as military.weapons.

The German ‘‘Society for Space Travel,
Inc.” was organized in 1927, with Oberth as
president and Willy Ley as vice president.
(Willy Ley is still probably the world’s most
popular author on the subjects of rockets, mis-
siles, and space travel.) The society began at
once to experiment with liquid-fueled rocket en-
gines. The rockets carried twotanks--onegaso-
line and one of liquid oxygen. These two liquids
had to be fed simultaneously and in the right
proportions to the combustion chamber, where
they were mixed and burned. Most of the at-
tempted launchings ended in failure, for one of

" two reasons. First, liquid oxygen is extremely

cold; it froze the valves, so that they refused to
open or close at the proper time. Second, the
combustion temperature was 8o high that the
rocket burned up after a few seconds. In later
experiments, the combustion chamber was sur-
rounded by a cooling jacket filled with water.
With this model, the society launched a number
of rockets that burned for about thirty seconds,
and reached an altitude of half a mile or more.
The next step was to omit the water from the
cooling jacket, and circulate the fuel throughthe
jacket before burning it. When the societytried
to launch such a rocket, using gasoline as fuel,
it immediately exploded. Ley suggested using
ethyl alcohol, slightly diluted with water, in
place of gasoline. This system worked very
well. The same System and the same fuel
combination were later used in the German
V-2 missiles, the American Viking rockets,
and the rocket-propelled experimental planes
X-1 and X-1A.

The Versaillespeacetreaty (1919)limited the
German army to 100,000 men; it was forbidden
to have aircraft or antiaircraft guns, or field
artillery of more than 3-inch caliber. This
may explain why the German army took an
‘early interest in rocket development; the treaty
of Versailles didn’t mention rockets at all. In
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1932, the army establishod a small research
project under thedirectionof Captain (later Gen-
eral) Walter Dornbergertodevelop liquid-fueled
rockets for use as weapons. Noonein Germany
had any experience with rocket propulsion, ex- .
cept the members of the Society for Space Travel.
Dornberger visited the society and hired a very
young member named Werner von Braun.

The team of Dornberger and von Braun,
with a small staff of assistants, began to test
rocket motors on an artillery - testing range

hear Berlin. In December of 1934, they suc-

ceeded in firing two rockets to a height of about
6,500 feet. This news eventually filtered up
to the high command. In 1936, General von
Fritsch went to the test range for a demonstra-
tion. The general was impressed. The result
was a new and much bigger research institute—
the Peenamunde Project, which became the
center for German research, development, and
manufacture of robot bombs. After the war,
von Braun came to the United States, where he
has become a leader in this field, )

GUIDANCE SYSTEMS

The history of guidance systems is short.
All of the significant developments are recent,
principally because the state of electronics be-
fore the nineteen forties was relatively primi-
tive. Many of the pioneers in the fields of mis-
sile guidance and propulsion are still activelyat
work on guided missile development.

The Americans developed a flying bomb
called the Bug, during the first World War. It
was simply a pilotless aircraft, with a range
of about 400 miles. The Bug was ready for
production by the middle of 1918, but by that
time it was apparent that the war would be
over in a few months, and the Bug was never
produced. Its accuracy would have been poor;,
it had no guidance system. But the Bug led to
the suggestion that pilotless aircraft could be
controlled by radio. Beginning in 1924, both
the Army and Navy experimented with radio-
controlled planes. Several moderately suc-
cessful flights were made, with the pilotless
plane controlled by radio from a parent plane
that flew nearby. This project was dropped in
1932 for lack of money. -

In 1935, an American high-school “student
named Walter Good built and flew a radio-
controlled model airplane. This was the first
time on record that a plane of any kind had
been successfully launched, flown, and landed
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while under complete radio control from the
ground. One of the problems that plagued the
armed forces was stabilization~keeping the
aircraft on an even keel 8o that it could re-
spond properly to radio commands. Because
a well-built model airplane is inherently stable,
Good didn’t have to worry about this problem.
Ris contribution was to design and build a mini-
ature radio receiver coupled to the control sur-
faces through a miniature servo-system.

The Army and Navy resumed their experi-
ments with radio command during the late
thirties, and by 1940 both had developed radio-
controlled planes for use as target drones.
Missiles with elementary preset and command
guidance were used during World War II, but
successful beam-riding, radar and infrared
homing, and inertial guidance systems are all
postwar developments. _

Although the Germans had the most spec-
tacular tactical success with guided missiles,
our own Government made considerable prog-
ress in research on radar homing, aerodynam-
ics, control of glide bombs, and pilotless air-
craft. The first homing guided missiles to be
used successfully by any nation wereflying BAT

- bombs, launched from Navy planes (fig. 1-1).

The code name BAT suggests the principle on
which it operated. Like bats, which give out
short sound pulses and guide themselves by
reflected echoes, the BAT missile was directed
by radar echoes from the target. The missile
was equipped with a radar transmitter and
receiver which enabled it to home on thetarget.
Figure 1-1A shows the BAT mounted in aglider
type of airframe.

The Azon missile (fig. 1-1B) was controlled

in AZimuth ONly. It was a standard 1000-1b

bomb fitted with an extended tail that carried a
flare, a radio receiver, a gyro stabilizer to
prevent roll, and rudders for steering right and
left. This air-launched missile was used with
great. success indestroying bridges, canal 1ocks,
and similar targets.

The Felix bomb (fig. 1-1C) wasautomatically
guided by means of an infrared homing device
located in its nose. WW II ended before it was
used in combat.

The Roc missile (fig. 1-1D) combined tele-
vision equipment for transmitting a picture of
the target to the launching plane and a radio-
.control system for guiding the missile. This was
the first use of television as a method of
guidance. The TDN, a Navymissileusedagainst
the Jepanese sea targets and some shoreline

S
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33.2-5.

Figure 1-1.—~Early types of guided missiles:
A. Bat, radar guided; B. Azon, radio comimand
guidance; C. Felix bomb, infrared homing
guidance; D. Roc missile, radio-control and
telavision guidance. : -

targets in the South Pacific, also usedtelevision-
radio command guidance. The Navy’s air-to-
surface guided bomb, Walleye, uses TV contrast
homing guidance.

GUIDED MISSILES IN WORLD WAR Il

During World War II, theJapanesedeveloped
and used two devices of interest in the history
of guided missiles. One of these was an air-
launched, radio-controlled, rocket-assisted
glide bomb. Its performance was limited. It
had to be launched from a plane at low altitude,
within two and a half miles of the target. This
made the launching planes highly vulnerable
to antiaircraft fire, especially after we began
to use the proximity fuze. The Japanese
dropped this project before the end of the war.

The second Japanese missile was the Baka
bomb. This was a rocket-propelled glide bomb
designed for use against shipping. It carried
a human suicide pilot; for this reason we
can’t call it a true guided missile. The Baka
bomb had poor maneuverability, and because
of this we were abie to shoot down agreat
many of them with antiaircraft fire.

Of the guided missiles used during World
War II, those made by the Germans were the
most advanced, and 'the most effective. The
V-1 was developed early in the war, and was
successfully flight tested at Peenemunde as
early as the spring of 1942. By 1943, the Peene-
munde center was working on 48 different
antiaircraft missiles. The work was later con-
solidated into 12 projects in an effort to get the
missiles into production in time to influence
the outcome of the war.

The V-1 was a robot bomb~a pulsejet mid-
wing monoplane with a conventional airframe
and tail construction. It used gyro stabilization
and preset compass guidance. It was launched
from a ramp with the help of boosters, and had
to reach a speed of about 200 mph before its
engine developed enough st to keep it air-
borne. Their 1-ton warheadq did serious dam-
age, but the V-1 missiles were slow. After
proximity fuzes were rushed to Englandtocom-
bat them, about 95% of them were brought down
by antiaircraft fire.

The V-2 was a large missile, propelled by
liquid-fuel rockets. Its total weight at launch-
ing was over 14 tons, including 2 1650-pound
warhead. It was launched vertically, andpreset
to tiit over toa 41- to 47-degree angle a short
time after launching. When it reached a speed

10 (;7 b,
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calculated to take it to the target, itspropulsion
system was shut dewn by radio command, and it
then traveled a ballistic trajectory. Itsaccuracy
was not high, and its maximum range was only
about - 200 miles. But it descended almost
vertically on its target, at speeds of from
1800 to about 3300 mph. No V-2 missile was
ever intercepted, or shot down by antiaircraft
fire. Because it was supersonic, it would hit
the target before it was heard approaching.

Five other German missiles which were in
various stages of final testing when the war
ended, are worth a brief mention:

Rheinbote was a surface-to-surface missile
propelled by a three-stage rocket, withbooster-
assisted take-off. It reached a speed of over
3200 mph about 25 seconds after launching, and
had a range of about 135 miles.

Wasserfall was a supersonic surface-to-
air missile, propelled by a liquid-fuel rocket
guided by radio command; speed: 560 mph;
range: 30 miles.

Schmetterling was a smaller version of
Wasserfall, intended for use against low-altitude
targets at ranges up to 10 miles. It carried a
55-pound warhead.

Enzian was another surface-to-air missile,
designed for use against large bomber forma-
tions. It was propelled by a liquid-fuel rocket,
and was launched with four solid-fuel booster
rockets.

'~ The X-4 was an air-to-air missile designed
for launching from fighter aircraft as shown
in figure 1-2. It was propelled by liquid-fuel
rockets and stabilized by four fins placed sym-
metrically. Its range was 1-1/2 miles; speed
560 mph at an altitude of 21,000ft. The X-4 was
guided by commands from the launching aircraft,
through a pair of fine wires that unrolled from
two coils mounted on the tipsof the missile fins.

1

Several missiles developed in the United
States were mentioned above with regard to
their guidance systems. The Army Air Corps
began the development of guided glide bombs
in 1941. These included Azon, Razon, Tarzon,
and Roc. Roc and Tarzon, controlled in azi-
muth and range, were developed during Ww II
but were not used in combat. Tarzon was used
successfully during the Korean war.

In 1944, we carried out a glide-bomb mis-

sion against Cologne, Germany, and a majority .

of the bombs reached the target area. In this
same year, aircraft were used to control
television-sighted, explosive-laden bombers
(called ‘‘Weary Willies’’) unfit for further
service. These radio-controlled bombers saw
some gervice over Germany. )

Our first jet-propelled missile was a radio-
controlled flying wing of the GORGON geries
of missiles; a later version-was a copy of the
German V-1, with a few improvements.

By the end of WW II, the Navy had a number
of guided missile projects in various stages
of development. The Gargoyle was an air-
launched, liquid-rocket engine powered, radio-
controlled glide bomb with a flare for visual
tracking. Another Navy glide bomb. the Glomb,
carried a television monitor through which the
pilot of the launching aircraft could observe its
approach to the target; it was guided by radio
command. The Loon was a U. 8. Navy version
of the German V-1, intended for shore bombard-
ment. The Gorgon IIC was propelled by a ram-
jet engine, tracked by radar, andguidedby radio
command. In 1944, the Navy assigned develop-
ment of the Bumblebee project to the Applied
Physics Laboratory of the Johns Hopkins Uni-
versity. This project has produced Terrier,
Talos, and Tartar.

83.20
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Missile developments after
World War I

As we have shown, the principal guided
missile developments during World War II
were German; the United States lagged far be-
hind. Japanese and British missile develop-
ments were insignificant, and as far as we
know, the Russians had none at all. In 1948,
the Russians captured most of the production
engineers and technicians of the V-2 project,
as well as several tons of missile data and
perhaps 2 few V-2 missiles. The design staff
of the Peenemunde project, including von Braun
and his principal assistants, surrendered to the
Americans rather than to the Russians. We
captured and shipped to the proving ground at
White Sands, New Mexico, encugh intact V- 2sand
spare parts to make, eventually, about 70 com-
plete missiles.

During the first few years after the war,
both American and Russian missile effort was
pa.rtu.l.{; devoted to assimilating the German
developments. Our own experiments with the
captured V-2s provided valuable training for
launching crews, and valuable knowledge of
missile engineering. Our V-2 Program’’ ran
from March 1946 to June 1951. One of its
principal successes was a high-altitude record
of 250 miles, achieved by a WAC-Corporal
missile boosted by-a V-2. This record stood
for many years.

Postwar missile development hasbeen rapid.
Many missiles are nowoperational; many others
have been abandoned at varfous stages of de-
velopment, or rendered cbsolete by more ad-
vanced weapons. We ‘will not try to cover these
developments here; a list of obsolete missiles
mldbelonger‘tlnnalutotthonmmr-

CLASSIFICATION OF
UNITED STATES MISSILES

GENERAL

three letters indicated the intended use of the
migsile:
AAM-=air-to-air missile
ASM-air-to-surface
AUM-air-to-underwater
SAM-surface-to-air
SSM-surface-to-surface
. UAM-—underwater-to-air
USM—underwater-to-surface
These designations will not disappear from
use in the immediate future. Publications will
not be revised merely to change missile des-
ignations, but the new, uniform designations
will be used in new and in revised publications.
The new designation indicates the launch en-
viroument (where launched and from what type
of launching device), mission, delivery vehicle
type, design number, and series symbol of the
missile. Attachment 8 to the BUWEPSINST
lists the current designation, former designa-
tion, popular name, and service of missiles,
rockets, and probes in all the United States
services at the time of publication. New mis-
siles and rockets are assigned the next con-
secutive design number within the appropriate
basic mission.

NEW DESIGNATIONS FOR MISSILES

The following table explains the new des-
ignations and lists the Navy missiles and rockets
with their current and former designations.

The design number is a number assigned
to each type of missile with the number ‘1"
assigned to the first missile developed. For
example, all five modifications of the Terrier
missile (BW-0, BW-1, BT-3, BT-3A and HT-3)
have the design mumber ‘“2’’, Tartar missile
modifications (Basic and Improved Tartar)have
the design mumber ‘‘24’’.

To distinguish between modifications of a
missile type, series symbol letters beginning
with ““A” are assigned. Therefore, the Terrier
BW-0 has been assigned the symbol letter
«“A” and the Terrier BW-1 has been assigned
the symbol letter “B’”. The series symbol
letter follows the design mumber. Incidentally,
to avoid confusion between letters and numbers,
the letters “I"’ and “0’”’ will not be used.

‘ If necessary, a prefix letter is included be-

. fore the military designation. A list of ap-

pMcable letters is shown at the bottom
of the table on the following page.
‘All Navy missiles are assigned mark (Mk)

and modification (Mod)mumbers. These numbers

s o




Chapter 1—-INTRODUCTION TO GUIDED MISSILES

Navy Missile and Rocket Designations
(Reprinted from Naval Aviation News, September 1963)

LAUNCH ENVIRONMENT SYMBOLS Popular Name  Currert Designation Former Designation
Letter Title Description ' Missile Series
A Atr Afir 1aunched. Terrier BW-0 RIM-2A SAM-N-7
B  Multiple Capable o('bl:inzhu::ched from morethan ;m:er gg-sl %-228 g::-:-;
one environment. errier BT- - -N-
Cc Cétfin Horizontally stored in a protective en- Terrier BT-3A RIM-2D all-N-'l
closure and ground-launched. Terrier HT-3 RIM-2E M-N-7
B Silo Vertically stored below ground level and Sparrow 1 AIM-7A AAM-N-2
Stored launched from the ground. Sparrow I AIM-7B AAM-N-3
L Silo Vertically stored and launched from be- Sparrow I AD‘-?C AAM-N-6
Launched low grdund level. ) Sparrcw I AIM-7D AA:H-N-:Q
M  Mobile In::l:ed ":r;m aground vehicle or mov- sprro(zsl;I a::-:f AA 1‘(‘.:.09
orm. . Talos g -N-
P Soft Pad Partially or nonprotected in storage and Talos (6BW) RIM-8B SAM-N-6BW
. mnc’lnd from the ground. Talos (6B1) RIM-8C SAM-N-6B1
R Suip Launched {rom a surface vessel, such as Talos (6BW1) RIM-8D sAu-N-:gvn
ship, barge, etc. ‘Talos (6C) RIM-8E SAM-N-6C1
U  Underwater Launched from a submarine or other Sidewinder [ AIM-9A AAM-N-7
fer devics. ' Shdevinder ADtsc AN
MISSION SYMBOLS 1C-SAR
-8D AAM-N-7T
D Decoy Vehicles designedor modifiedto confuse, oo e A "
deceive, or divert enemy defensesby Bullpup AGM-12A ASM-N-7
an attack vehicle. Bullpup AGM-12B ASM-N-TA
E Spectal Vehicles designed or modified withelec- AGM-13C ASM-N-TB
Bulipup
Electronic  tronic equipment for communica- Bullpup Trainer ATM-12A ASM-N-7
Sadiation. somding ot eiec. (Martin-Marletta)
on ) o8 elec- Bullpup Trainer ATM-12B ASM-N-TA \Maxson)
recording or relay missions. Hawk MIM-23A M-3
G Sarface Vehicles designed to destroy Iand or sea Tartar Baste RIM-24A SAM-N-7
Attack Tartar Im RIM-24B SAM-N-7
| { Intercept- Vehicles designed to intercept aerial Polaris Al UGM-27A
Aerial y or offensive. Polaris A2 UGM-27TB
Q Drone Vehicles designed for tarpet, recon- Polaris AS UGM-27C
naissance, or surveillance Firebee BQM-34A Qic
T Ve g e " Tiniee AuE A1
AQM-34C KDA-4
U  Underwater Vehicles designed todestroy enemysub- I e0e® g s
Attack m:;nu or other underwater targets AQM-37A KDIB-1
., . OF to detonate underwater. AQM-38B RP-78
W  Weather vahicies designed to nbeerve, record, &,”A EKDB-1
or relay metecrological data. | . XQM-40A ED8G-2
VEHICLE TYPE SYMBOLS ke ,,‘. A AUM-N-2
M Guided Unmanned, self- vehicles de- SUBROC UUM-44A
signed to move in a trajectory or Shrike AGM-45A ASM-N-10
all or partially above the Condor AGM-33A ASM-N-11
earth's surface and whose Phoenix AIM-S4A AAMN-11
can be controlled remotély or by hom- PQM-S8A CT-41
ing systems, or by inertial sand/or Rocket Sertes
This term doesnot inclode space ve- Weapon Alpha RUR-4A
hScles, space boostyrs, or naval tor- ASROC RUR-8A
pedoes, but does include targst and STA PREFIX s
reconnsissance drones. TUS SYMBO
N Probe Non-orbital instriumentsd vehtcles nol in- X
volved in space thissions that arsused J Special Test  Vehicles especially configured simply to
to paetrats the asrospuce environ- (Temporary) accommodute test.
ment and report data. . . N Special Test, Vebhicles somodified they will not be re-
R Rockst Self-propilled vehicles without tnetailed (Permapent) turned to original use.
or remote costrol guidance mecha- X Experimentul Vebicles under
snisms, whose trajectory camnct be, Y Prototype wvahkicles for test.
aRured after Inunch. 2 Phming Velicles in pianning stage.
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and the name ofthe missile constitute the official
nomenclature approved by BuWeps. Missiles

having two-stage propulsion systems (separate "

boosters), for instance, the Terrier and Talos,
have one Mk and Mod number for the complete
round. However, the individual missile and
booster sections have their own mark and
modification numbers.

All missiles in service, a; well as most
of those still under development, have beer
given popular names. Some of these names
follow this pattern:

AGM, AIM~Winged creatures. Example:
Sparrow, Bat.

RIM-—Mythological terms. Example: Talos.

UGM, RGM-Astronomical terma Ex-
amples: Polaris, Regulus.

At the present time, most missiles appear
to be exceptions to the above ‘‘rules.” For
example, Sidewinder and Bullpup are not winged
creatures; Terrier is not a mythological term;
Asroc and Alfa are not astronomical terms.

Many of the air launched missiles are
named after birds: Falcon, Quail, Hawk, Petrel,
Redhead Roadrumer, Shrike, and Condor. Note
that all of these except one (Quail, used as a
decoy) are birds of prey marked by character-
istics of swift, aggressive action, and therefore
appropriate for missile names.

CURRENT U.S. SERVICE MISSILES
GENERAL

Because of the rapid developments in the
guided missile field, the lists given below will
be out of date before you can read them. Some
of the missiles listed may have become ob-
solete. Others, now under development, will
probably be announced.

ARMY MISSILES
Nike-Ajax (MIM) is the Army’s first super-

sonic antiaireraft guided missile. It isdesigned
to intercept and destroy

first

The missile and booster together weigh more
than a ton. There are 12launchersin each Nike
battery, which is operated by about 100 officers
and men.

Continued developmental work with the Nike
missile has resulted in improvements in the
original missilee Two mods of the Nike-
Hercules, the MIM-14A and MIM-14B, are
operational. Batteries of Nike-Hercules (re-
placing the Nike-Ajax) are deployed in the
United States and in Europe (NATO countries
only). The Nike-Hercules has a range of about
75 miles and a weight of 10,000 pounds. It is
capable of carrying a nuclear warhead; it isde-
signed for use against either single atircraft or
whole formations of aircraft. The missile is
27 ft. long; the booster 14-1/2 ft. long. Both
use solid propellant. The warhead is provided
with a safety feature, so that it can detonate
only at altitudes sufficiently high to prevent
damage to friendly surrounding terrain.

Nike-Zeus (XLIM) is an antimissile missile
equipped with a nuclear warhead, and designed
to defend the United States against attack by
enemy intercontinental ballistic missiles. It
has a 200-mile range and weighs 22,800pounds.
It is more than twice as long and three times
greater in diameter than the Nike-Ajax. The
“X' in its designation indicates that it is ex-
perimental and not yet deployed (at time of this
writing).

The Nike-X is under develogment; it is
planned to intercept submarine-launched mis-
siles. The most advanced portions of the Nike-
Zeus are used in it.

Hawk (XMIM) is designed to supplement the
Nike missile system by

Corponl(ll}l()mybeemedmmer
a nicledr or a conventional warhead. It was the

guided missfle capable of carrying a

- noclear warhend. It can engage tactical targets
at ranges of 75 miles or more. Corporal gives
the Army fleld commander great firepower on
. fthe battlefield, and emableshim to strike selected
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targets deep in enemy rear areas. Corporal
follows a ballistic trajectory during most of its
flight; weather and visibility conditions place no
restriction on its use. The propulsion system
uses a liquid-fuel rocket motor. The missile
travels through space at several times the
speed of sound. Corporal battalions are now
deployed in Europe, but are being replaced by
the more potent Sergeant.

Sergeant (XMGM) is a single-stage, solid-
propellant, ballistic guided missile intended to
replace Corporal, with improvements in power,
range, and accuracy. It has entirely replaced
the first atomic artillery, the 280-mm ‘‘Atomic
Anmnie,’”’ with 8-inch howitzers firing an atomic
shell. '

Redstone (PGM) is a supersonic single-stage
ballistic missile with a range of about 200miles,
designed to extend and supplement the range and
fire power of Army artillery. It is deployed in
Europe but is being replaced by Pershing.

The Pershing (XMGM) is a two-stage,
10,000-1Ib solid-propellant missile. It is trans-
ported on a tracked vehicle or helicopter. The
Pershing has a 400-mile range, compared to
the 200-mile range of the Redstone. Its war-
head is nuclear; its trajectory is like that of an
intercontinental ballistic missile.

Jupiter (PGM) was the Army’s intermediate-
range ballistic missile (no longer in service
as a missile). Its range is in the order of
1500 miles, and it is propelled by a liquid-
fuel rocket. In 1956-57 the Navy tried to make
it a submarine-launched missile, then decided
that the liquid propellant system made it un-
suitable for submarine use, and dropped the
project to begin development of the Polaris.
The Jupiter-C (without the warhead, of course),
was used for the Vanguard earth satellite pro-
gram by providing a back-up satellite launch-

ing capability.
Lacrosse (MGM) is used in close tactical

support of ground troops. It is an all-weather
missile, propelled by a solid-fuel rocket motor,
m:mmdmmﬂn,aﬁdcap_able

Lance (XMGM) was formerly designated
Missile B. It will replace the Honest John
and Lacrosse. Its range is 3 to 30 miles, and
it carries either a nuclear or a conventional
warhead. Its high mobility makes it a valuable
aid to troops.

Davy Crockett (MGM) may be mounted on a
jeep, mechanical mule, or armored personnel
carrier, and one version may be carried by two
men. It has a sub-kiloton nuclear warhead and
is meant as a defensive rather than anoffenstve
weapon.,

Redeye i8 a new development in hand-
carried weapons. It is a shoulder-fired, solid-
propulsion, heat-seeking missile to be used
against low-flying aireraft and helicopters. It
is not operational at this time. One model is
designed for Marine Corps use.

Honest John (MGR) is an unguided rocket
type with a 12- to 20-mile range. Ithasa
nuclear warhead. The Army is replacing it
with the Lance. The Marine Corps also for-
merly used it.

Little John (MGR) has a 10-mile range.
It supplements the heavy artillery in airborne
divisions and air-transportable commands. It
may be replaced by Lance. It may have a
nuclear or a high explosive nonnuclear warhead.

The Army has several missiles to be used
as drones for target, reconnaissance, or sur-
veillance purposes. Redhead Roadrunner
(MQM), Kingfisher (AQM), and Cardinal (MQM)
are 8o used.

Two missiles acquired frum the French are
the 8S-10 (MGM) and the SS-11 (XAGM). Both
are wire-guided missiles, principally for anti-
tank use,

Other antitgnk missilesarethe Entac (MGM),
Shillelagh (XMGM), TOW, and M-72 (LAW).
The Shillelagh is the first guided missile to
be fired from a gun tube from which conven-
tional ammunition can also be fired. It is to
be installed on the General Sheridan assault
vehicle, and on assault helicopters.

A Bearto 4t + aeim e aebe v e
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Formosa, but no more Matador missiles are

being procured; it is being replaced by Mace.

Falcon (AIM) comes in several versions;
one has radar guidance; another has infrared
homing; still another has a hybrd infrared

“radar guidance. Falcon isa supersonic missile,
propelled by a solid-fuel rocket. It weighseabout
100 pounds; and is about 6 ft long. One model
carries a nuclear warhead. At last count,
thirteen models were in operational or ex-
perimental stages. Its range is about 5nautical
miles.

Genie (AIR) is a rocket-propelled air de-
fense missile that may be armed with a nuclear
warhead with proximity fuzing. Note that it is
classified as a rocket, and is unguided. It was

~ formerly called Ding-Dong.

Bomarc (CIM) is a long-range air defense
missile that can destroy attacking aircraft
at ranges of more than 100 miles and altitudes
above 60,000 ft. The missile is about 47 ft
long, has a wing span of about 18 ft, and weighs
about 15,000 pounds. It is launched vertically
‘by solid-fuel boosters, and is sustained inflight
by twin ramjet engines. Bomarc B attains a
speed of Mach 2.7 and has a range of more than
400 nautical miles and carries a nuclear war-
head.

Thor (PGM) is the Air Force’s intermediate-
range ballistic missile (IRBM). It is propelled
by a liquid-fuel rocket at a speed of Mach 10;
range is over 1500 miles. Thor is provided
with an inertial guidance system.

Thor has been phased out as a missileand is
being converted for space boosters. Thor Able,
a series of multistage rockets using the Thor
missile, has been used for a series of lunar
probes and for carrying a recpverable data
capsule (containing a mouse) over its 6000-
mile flight range.

Atlas (PGM) is an intercontinental ballistic
missile with a range of more than 5000 miles.
~ It is launched by rocket engines that develop

many tons of thrust, and millions of horsepower,
within a few seconds. Atlas reachesatop speed
of about Mach 1S—more than 10,000 miles an
hour. It will descend on itstargetat that speed,
from a height of about 800 miles. This huge
liquid-propellant missile is launched vertically
from a fixed base. It carries a nuclear war-
head. It is being phased out for missile:use and
being developed as a launch vehicle forthe space
program. The first Mercury spacecraftto orbit

- the earth, witk Colonel JohnH.Glemn Jr.aboard,

was boosted =0 orbdit by an Atlas booster.

.20
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A second liquid-fueled giant is thetwo-stage
Titan. Titan I (HGM) and Titan II (LGM) are
intercontinental ballistic missiles. In general,
Titan is similar to Atlas, except that Titan has
a second-stage motor. It has the greatest pay-
load and range of any of our ICBMs. TitanII
is being used for the Gemini spacecraft, which
is a three-ton, two-man vehicle planned to
rendezvous equipment in space and assemble
it, and to test the effect of prolonged weight-
lessness in man.

One of the most publicized missiles is the
Minuteman (LGM). As the name implies,
readiness for prompt firing is an important
feature. It is called a second generation ICBM,
which means that it incorporates many im-
provements over the first ICBMs, the Atlas
and Titan. It is a 5500-mile range, inertially
guided, solid-propellant ballistic missile with
three stages. Numbers of Minuteman missiles
are deployed in hardened and dispersed silos.
Once set up and checked out, the missile is
ready to fire at a moment’s notice, requires
very little supporting equipment, and is able
to stand by, ready to fire, for long periods of
time with very little maintenance. Minuteman
II has an improved guidance and control system
and an improved reentry vehicle.

Two types of the Mace are used by the Air
Force, one launched from a mobile base (MGM)
and one from hard sites (CGM). Both types are
deployed at sites. It isanair-breathing surface-
to-surface missile with inertial guidance. It is
turbojet powered and may have either a con-
ventional or a miclear warhead. The B model
has a 1200-mile range. Its predecessor was
the Matador. The recoverability of training
missiles was demonstrated with the Mace.

Quail (ADM) is an air-launched decoy de-
signed to confuse enemy defenses. It is de-
ployed at SAC bases, tobecarriedbyB-52s. Its
range is about 200 miles; the turbojet powered
advanced version has a range of about400miles.

Hound Dog (AGM) is launched by inter-
continental bombers. It is an air-breathing,
air-to-surface standoff missile with a range
of over 500 nautical miles. The B version has
a nuclear warhead, and isturbojet powered.

Missiles that are used by the Air Force and
the Navy are Bullpup, Sidewinder, Sparrow III,
and Shrike. These are described in the next
section.

In the process of developing and perfecting

’miullea, scg are dropped from the program.

Two examples are the Snmark, begun about the

N
vk
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same time as the Matador, and the Rascal. The
Snark was actually a pilotless aircraft and the
Rascal was a rocket-powered missile.

NAVY MISSILES

Sidewinder (AIM) (tig. 1-3) is probably the
simplest and cheapest of all guided missiles.
It is about 9 ft long, and weighsabout 155 pounds.
It has only about 24 moving parts, and no more
electronic parts than a table radio. It attains
a speed of Mach 2 relative to the launcher, and
a range of several miles; it is. designed to
destroy high-performance aircraft from sea
level to altitudes above 50,000 ft. It has an
infrared homing system. Sidewinder wasnamed
after a desert rattlesnake. (The Sidewinder
snake, like all of the pit vipers, has infrared
receptors on its head that enable it to detect
the presence of prey by its body heat.) Side-
winder is now the primary airborne missile
used by squadrons in the Sixth Fleet in the
Mediterranean, and the Seventh Fleet in the
Western Pacific. The Sidewinder-1C version
has an improved rocket motor and has switch-
able guidance, infrared or radar-guided. The
physical appearance of the improved Side-
winder is very similar to that of its predeces-
sors but its performance is quite different.

The Air Force also uses the Sidewinder missile.

Sparrow I (AIM) is 12 ft long and weighs
300 pounds; it reaches a speed of Mach 2.5
relative to the launcher, within a few seconds
after launching. It is provided with beam-
rider guidance, and is propelled by a solid-fuel
rocket. Navy planes can carry two to four of
the missiles, and can fire them singly or in
salvos.

Sparrow II (AIM) was developed as an ex-
perimental missile, and not intended to become

- operational. It has, however, been adopted for

operational use by the Royal Canadian Air
Force.

Sparrow III (AIM) is very similar to Spar-
row I, but with a much more sophisticated
semi-active CW homing guidance system. It is
slightly heavier than SparrowI, a little faster,
and has a longer range. It willfirst supplement,
and then replace Sparrow I in the fleet.

Sparrow III (AIM) is also used by the Air
Force. Several versions of Sparrow Il are in
use, and research is continuing to improve the
missile further. Temperature-resistant ex-
plosives, greater seeker sensitivity, greater
range, higher maximum altitude, increased re-

A7
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Figure 1-3.~Pilot in high-altitude flight suit
stands beside the Sidewinder missile.

sistance to countermeasures, and longer electri-
cal power burn time are improvements included
in the Sparrow III.

Petrel (AQM) is newly obsolete; although a
few of these missiles may still be found in the
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fleet, they are no longer in production. Petrel
is a subsonic missile with radar homing,
powered by a turbojet engine. Its payload is
not a warhead, but a homing torpedo. As its
designation indicates, it i8s now used as a
drone.

Bullpup (ASM) is 11 ft long and weighs
about 540 pounds. It is relatively inexpenasive,
simple i1 design, and extremely accurate.
Bullpup is a tactical missile with a conventional
warhead, designed for use by carrier-based
aircraft against small targets such aspiliboxes,
tanks, and truck convoys, in support of ground
troops. It is powered bya solid-fuel rocket, and
has a range of 15,000 ft at a speed of Mach 2.

Bullpup B is a big brother version of the
original missile. It is longer, heavier, faster
(with a consequently greater range) and carries
a 1000-1b warhead instead of a 250-1b warhead.
It is not intended to replace Bullpup A, but to
complement it. Many of the components are
interchangeable. The Bullpup B has an all-
weather capability which the A did not have; it
can locate and destroy its target infoul weather,
at night, or in poor visibility.

One version of Bullpup has a prepackaged
liquid motor and a nuclear warhead. Several
years of research were needed to producea fuel
combination with good storage properties, and
reliability, that could be handled with safety. Not
all problems with the liquid propellant engine
have been solved.

Bullpup is also used by the Air Force.

The Navy’s 3 Ts-Terrier, Talos, and
Tartar-have undergone many changes since
their inception. The Typhon program, which
was ‘to incorporate all three missiles into
one system, has been set back for further re-
search. New research is going on to develop
a system in which the 3 Ts can be used as part
of a system, possibly using the same laumching
system. .

Our first missile ship, the US.S.
(DDG-1), was with Terrier &!.Aﬁ

Terrier (RIM) (fig. 1-4) is a supersonic
beam-riding antiaircraft missile with a range
of more than 10 miles. (The HT-3 Terrier
uses semi-active homing guidance.) It is
launched by a solid-fuel booster rocket, and
is propelled by a solid-fuel sustainer rocket.

Tetrier is about 15 feet long without its
booster, and weighs 1-1/2 tons. Terrier
batteries have been installed on the guided

missile cruisers Boston, Canberra, Topeka,

o

Providence, and Springfield; the attack air-
craft carriers Ki awk, America, and Con-
stellation; the nuclear-powered cruiser Long
Beach; on frigates, plus several destroyers of
all DLG classes.

Advanced Terrier is quite different fromthe
early Terrier. A nuclear warhead is available
for it, and improvements have been made in
the conventional explosive warheads. Important
changes have been made in the control system,
which, although not a part of the missile, is
indispensable for its operational use.

Although considerably smaller, the Tartar
(RIM) is similar in function to Terrier, except
that it is propelled by a dual-thrust rocket, and
is launched without a separate booster. The
Tartar system, designed for DD’s, is installed
aboard the guided missile destroyers numbers
2 through 24, and aboard the cruisers Chicago,
Columpus, and A . At present writing, six
destroyer escorts (DEGs) also are to be armed
with Tartar missiles. On cruisers, it supple-
ments the Talos missile. its launching system
is compact and rapid firing, which makes it
adaptable to destroyers, and evem smaller
ships. Figure 1-5 shows a Tartar missile
leaving the launcher, which holds two missiles.
A smaller model launcher holds only one
Tartar missile at a time.

Talos: (RIM) (fig. 1-68) is a two-stage mis-
sile designed to bring down enemy aircraft
and missiles at ranges of 65 miles or more.
It is 20 feet long, and weighs 1-1/2 tons. It is
launched with solid-fuel boosters, and is sus-
tained in flight by a ramjet; it reaches a speed
in excess of Mach 2 within about 10 seconds of
launching. It can be used with either a nuclear
warhead or a conventional warhead. During the
first part of its flight, Talos is a beam rider.
As it approaches its target, it switches over
to homing guidance. Talos systemsare installed
on the cruisers Galveston, Little Rock, Okla-
homa City, Albany, Columbus, Chicago, and

Beach. .

gom' (UGM) (fig. 1-7) is the Navy's
intermediate-range ballistic missile, with a
range up to 2500 miles. It is designed for
launching either from surface ships or from
submerged submarines, for bombardment of
shore targets. It is propelled by solid fuel. At
present, nineteen submarines capable of launch-
ing Polaris are operational. Each submarine

‘carries 16 missiles. At this time, develop-

mental work on the Polaris is centered on im-
provement of the submarine-launched missile.
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Figure 1-4.—-Terrier missiles and launchers.

Three versions of Polaris have been de-
veloped: A-1, A-2, and A-3, The A-1 and A-2
are operational; the A-3 has been successfully
tested and soon wil! be aboard submarines,
replacing the older mods. The Poseidon missile
is being developed from the Polaris technology.

The increase in range, from 1500 miles for
the A-1 to over 2500 miles for the A-3, is one
of the most striking improvements, With their
nuclear warheads, Polaris antinea can de-
liver a blow on the enemy which can eliminate
several large industrial areas within minutes
after an attack on the United States.
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The emphasis currently is on antisubmarine
warfare (ASW), and several weapons are being
developed or improved.

Although Asroc (RUR)isnotaguided missile,
but a rocket-propelled torpedo or a depth
charge, it is one of the important missiles of
the Navy. It is part of the missile armament
of many destroyers, including destroyer escorts,
and of four cruisers. One form of the Asroc
is a surface-ship launched, rocket-propelled
homing torpedo and the other is a nuclear depth
charge, also rocket propelled. Both forms can

‘be fired from the samedeck-emplaced launcher.
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Figure 1-5.—Tartar missile leaving launcher.

Some destroyers have the DASH (Destroyer
Anti-Submarine Helicopter) system, which de-
livers the Asroc to the target by means of a
remote-controlled helicopter. An Advanced
Asroc is under development.

Two other antisubmarine weapons are the
Astor and Subroc (UUM). Astor is a wire-
guided torpedo and Subroc is a submarine
rocket fired from a torpedo tube. Subroc was
installed on the ill-fated submarine Thresher,
and is being installed on other submarines of the
Thresher class.

An antisubmarine surface-to-underwater

missile developed and built in Norway, the Terne,
is being purchased by the Navy to install
on two destroyer escorts. R is comparable

. A

to our Weapon Alfa (formerly called Weapon
Able), which is being phased out.

Other misgsiles of the Navy in various stages
of development and use are:

Shrike (AGM), an antiradiation missile with
passive radarhoming, which was formerly called
ARM. The Air Force also plans to use it.

Walleye (AGM), anair-to-surface glidebomb
with TV guidance controlled by a pilot in the
mother plane, no propulsion, but a powerful
conventional warhead. It has shown amazing
accuracy at a range of several miles.

% Zuni, a Navy and Marine Corps rocket,
air-to-surface, has a 5-mile range. It canbe

armed with various heads, including flares,
fragmentation, and armor piercing.
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Figure 1-6.~Talos missiles on launcher aboard ship.

Condor (AGM) is a long-range missile de- Phoenix (AIM) is a long-range air-to-air
signed to enable aircraft to destroy tactical missile designed to be carried by the TFX
targets while outside the range of .enemy de- . Navy plane.
fenses. A gyro-stabilized teclevision camera Figure 1-8 shows the configurations of
is the target seeker. . .°- some Navy missiles and rockets.
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Figure 1-7.
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CHAPTER 2

FACTORS.AFFECTING MISSILE FLIGHT

A, INTRODUCTION
GENERAL

A guided missile, by definition, flies above
the surface of the earth. Aerodynamic long-
range missiles, as well as all missiles of short
and medium range, are subject throughout thetir
flight to the forces imposed by the earth’s at-
mosphere. Ballistic missiles, though they
follow a trajectory -that takes them into space,.
must climb through the atmosphere after launch-
ing, and must descend through it before strik-
ing .the target. All missiles are subject to
gravitational and inertial forces. This chapter
will briefly discuss the principal forces that
act on a guided missile during its flight. It
will show how the missile trajectory may be

controlled -by designing the missile airframe

and control surfaces to utilize or overcome
the forces acting on them. :

Before proceeding further, some brief def-
initions may be helpful. )

* Aerodynamics may be defined as the science
that deals with the motion of air and other
gases, and with the forces acting onbodies mov-
ing through these gases. An aerodynamic mis-
sile is one that uses aerodynamic forces to
maintain its flight path. A ballistic niissile
does not depend upon aerodynamic surfaces to
produce lift; it follows a ballistic trajectory
after thrust (from its booster) is terminated.
A guided missile can alter its flight: path by
means of internal or external mechanisms.

'The earth’s atmosphere is a gaseous en-

‘velope surrounding the earth to a height of

roughly 250 miles. ' The characteristics and

- properties of the atmosphere change with al-

titude, and therefore missile flight is aﬂegted
differently. .

An understanding of missile aerodynamics-

requires ' a- familiarity  with several of the
basic laws of physics. These laws will be

foot.

briefly summarized. A detailed study of atir in
motion, and the mathematical analysis of the
various forces present, are beyond the scope
of this text. The discussion will be general
and qualitative, and no mathematical develop-
ment will be attempted.

In general, missile aerodynamics are the
same for both subsonic and supersonic flight.
The basic requirement is common to all craft
intended to fly: in order to fly successfully,
the craft must be aerodynamically sound. But
the high speeds and high altitudes attained by
current guided missiles give rise to new prob-
lems not encountered by most conventional air-
craft. An example is the shock wave that is
produced when a flying object attains the speed
of sound. Problems of oxygen supply for air
breathing missiles arise at high altitudes, and
problems of skin heating by friction with theair
arise at high speeds, and upon reentry into the
earth’s atmosphere.

THE ATMOSPHERE

As mentioned above, the earth’s atmosphere
extends upward about 250 miles. Althoughthere
are some differences of opinion as to where the
atmosphere ends and space begins, the limit

‘defined.is generally accepted. The atmosphere

is quite definitely divided into three layers,
troposphere, stratosphere, and fonosphere (fig.

~.2=1), each.with its distinct characteristics.
'CHARACTERISTICS OF THE ATMOSPHERE

. One of the most important characteristics
of the atmpsphere is the change in air density
with a change in altitude.

With increasing altitudes the density of the
air decreases significantly. At sea level, the
density of air is about .076 pound per cubic
‘At 20,000 feet, air density is only about
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Figure 2-1.—Atmospheric regions.

.0405 pound per cubic foot. Because of the
gradual decrease in air density with altitude,
a missile flying at 35,000 feet encounters less
air resistance—that is, has less DRAG—than
does a missile flying close to sea level.

The absolute pressure existing at any point
in the atmosphere also varies with altitude.
The pressure actingon each square inch of the
earth’s surface at sea level is actually the
weight of a column of air one inch square, ex-
tending from sea level to the outer limits of the

-atmosphere. On a mountain top, this column of
air would be shorter, and thus the weight (pres-
sure) acting on each square inch would beléss.
Therefore, absolute pressure decreases with
Increased altitudes. o

Another characteristic of the atmosphere
which varies with altitude is tempetature (see
figure 2-2). However, unlike- density and'pres-
sure, temperature does not vary directly with
altitude. From sea level to about 10 miles, the
temperature drops steadtly at-a rate of approxi-
mately 3 '1/2° F per thousand feet, It then re-
mains fairly constant-at -67° F up to about
105,000 feet. Then it increases at: asteady rate
untll :another: constant-temperature -zone 1is
reached. - This zone lasts for several miles, at

- which: point the temperature starts decreaslng

] s L. ) ) .' . :
- I 2&1% .
‘ L ) s ket ' :\'

' 'Flgure 2-2.—Temperature varies indirectly

The procedure then repeats itself—that is, a

second temperature minimum is reached, and
then, after a short constant-temperature zone,
it starts rising again. Thesetemperaturemini-
mums mark the boundaries between the three
regions of the atmosphere: thetroposphere, the
stratosphere, and the ionosphere, shown in

LAYERS OF THE ATMOSPHERE
s

Troposphere

The troposphere is the lowest layer of the
atmosphere and extends from the surface of the
earth to a height of 10 miles. It is made up of
98% nitrogen and oxygen by volume, andaccounts

_for three-fourths of the weight of the atmos-

phere. Within this layer temperature decreases
with altitude, and it is in this layer that clouds,
snow, rain, and the seasonal changes exist.
Because of the high density of the tropo-
sphere, aerodynamic surfaces can be used ef-
ficiently to control missiles in this region, and

. propellers’ are practical for low speed power

plants. However, this high density causes a
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

large amount of drag. The dense lower atmos-
phere slowed down the German V-2 from 3300
to 1800 mph. At extremely high speedsthe fric-
tion caused by this dense air produces suchhigh
skin temperatures that ordinary metals melt.

Stratosphere

The stratosphere is the layer of air above
the troposphere. Its upper limits are around 40
to 50 miles above sea level. In this region
temperature no longer decreases with altitude
but stays nearly constant and actually begins to
increase in the upper levels. Higher tempera-
tures in the upper levels are caused by ozone,
which i8 heated by ultraviolet radiation fromthe
sun. (Ozone is a gas which is produced when
electricity is discharged through oxygen.) The
composition of the stratosphere is similar to
that of the troposphere; however, there isprac-
tically no moisture in the stratosphere.
Propeller-driven vehicles cannot penetrate this
region because of the low air density, and
aerodynamic surfaces have greatly reduced
effect in controlling missiles.

Ionosphere

Above the stratosphere and ranging up to

about 250 miles above sea level is the iono-
sphere. This is a region rich in ozone and
consists of a series of electrified layers. The
ionosphere is extremely lmportant because of
its ability to refract (bend) radio waves. This
property enables a radio transmitter to send
waves to the opposite side of the world by a
series of refractions and reflections taking
place in the fonosphere and at the surface of
the earth.

The characteristics of the ionosphere vary
with daylight and darkness, and also with the
four seasons. Until recent years we have

. known very little about the physical character-

istics of this region, During the. past few years
many " instrument-carrying rockets have been
sent .into the .ionosphere to oltain information
about the temperatures, the ‘pressures, the
composition of the air, and the electrical char-
acteristics of the various layers.

The lower part of the ionosphei-e (20to 60

miles up) is sometimes calledthe chemosphere.'

Btgher Atmoapheres

“The' reaches of space beyond the ionoephere
have not been fully explored and much of the

'Y

information about them is conjecture. The
sphere or layer immediately above the fonos-
phere has been named the mesophere and is
believed to contain many mesons and other
cosmic particles. A meson is an unstable
particle, between electron and proton in mass,
first observed in cosmic rays. Two types
have been identified as mesons, » mesonsand u
mesons. Some are positively charged, and
evidence indicates that some are neutral. An-
other theory is that mesons are the binding
energy between protons and neutrons.

Space beyond 600 miles is called the exos-
phere. It is approximately 1/3000 of theearth’s
atmosphere in terms of mass. Air particles
are few and far apart in this area.

Much information about the upper air has
been transmitted to earth from orbiting satel-
lites,  which carried instruments to measure
radiation, temperature, meteorites and micro-
meteorites, and weather information.

PHYSICS OF FLIGHT

FORCES ACTING ON A MISSILE
IN FLIGHT

The flight path of a missile is determined
by the forces acting upon it. Some of these
forces are' due to nature; others are man
made. The natural forces are not fully con-
trollable but their action onthe missile can be
modified by causing the missile to fly slower
or faster, higher or lower, adding (or remov-
ing) control surfaces such as wings and fins,
increasing the propelling force, and simtilar
control. Although natural forces are not fully
controllable, they are to a considerable extent
predictable. Various combinations of natural
forces and manmade forces produce different
effects on the missile flight path.

Gravity, frictton, air resistance, and other
factors produce forces that act on all parts of
a -missile moving through the air. One such

"force is that which the missile exerts on the

air as it moves through it. In opposition to
this is the force that the air delivers to the
missile. The force of gravity constantly at-

tracts the missile toward the earth, and the
‘migsile must exert a eorrespondtng upward"

force to remain in flight.

Figure'2-3A illustrates the forces acting on
a_ body in level flight through the air, ata
uniform speed.  Note that the force tendtng to

‘ ot - ' ' .
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Chapter 2—-FACTORS AFFECTING MISSILE FLIGHT

FORCE OF
A GRAVITY

FORCE
OPPOSING
MOTION

FORCE
OPPOSING
GRAVITY

produce motion (toward the left) exactly bal-
ances that resisting the motion. The force of
gravity is exactly opposed by the lifting force.
In accordance with Newton’s first law (dis-
cussed  below), a moving body on which all
forces are balanced will continue to move in
the same direction and at the same speed.
Figure 2-3B illustrates the effect of unbal-
anced forces acting on a body. The length of
the arrows is proportional to the respective
magnitude of the forces, and the arrowheads
point in the direction in which these forces
2 are applied. The illustration shows that forces
E A and B are equal and opposite, and that C and
D are equal and opposite. But force F is opposite
' to and greater than force E. As a result, the
# ' body shown will acceierate in the direction of
jforce F. This figure is an example of vector
* representation of the forces acting on a body.
Any number of forces may be shown by vector
representation. They can be resolved, or
simplified, into resultant force that is the net
effect of all the forces applied.
‘Note that {n the illustration, forces areacting

the body acted upon, the action of the forces can
be modified. These effects are discussed later
in the chapter.

RELATIVITY OF MOTION . .
watching the flight of a missile through the air,

, it appears that the missile ts moving and the
 { air standing still. It would seemthatthe oppos-

3 FORCE DUE
= To motion A

on a spherical body. By changing the share of

To an Observer standing on the.ground and

o '- 311';;‘:327' '.

DIREGTION
OF MOTION

144.3
Figure 2-3.~Forces acting on a body moving through air: A. Equal forces; B. Unequal forces.

ing force exerted by the air is entirely the
result of the missile motion through it. But if
it were possible for an observer to ride the
missile itself, it would appear that the missile
is standing still, and that the air s moving
past the missile athigh speed.

This illustrates the basic concept of rela-
tivity of motion. The forces that the air exerts
on the missile are the same, regardless of
which is considered to be in motion. The force
exerted by the air on an object does not depend
on the absolute velocity of either but only on
the relative velocities between them. This
principle can be put to good use in the study of
missile aerodynamics, and in the design of
missile airframes and control surfaces. Ina
wind tunnel, the missile or model remains
stationary, while air moves past it at high
speed. The measured forces are the same as
those that would result if the missile, or model,
were moving at the same relative speedthrough
a stationary mass of air.

NEWTON'S LAWS OF MOTION

Although Newton lived long before the missile
and space age (1642-1727), the laws of motion
which he discovered and formulated are valid
for missiles and other objects passing through
the atmosphere. -

Newton's first law states: “A body in a
state of rest remains at rest, and a body in
motion remains in uniform motion, unless
acted upon by some outside force.” Thismeans
that if an object is in motion, it will continue
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in the same direction and at the same speed
until some unbalanced force is applied. And,
whenever there are unbalanced forces acting
on an object, that object must change its state
of motion. For example, if you were to push
against a book lying on a table, you would have
to supply sufficient force to overcome friction
in order to set the book in motion. If you
would eliminate all of the restraining forces
acting on the book once it is in motion, it would
continue to move uniformly until acted upon by
some outside force. It is these restraining
forces with which we are mainly concerned in
the study of aerodynamics.

Newton's second law states: “The rate of
change in momentum of an object is propor-
tional to the force acting on the object, and in
the direction of the force.” The momentum of
an object may be defined as the force that
object would exert to resist any change of it
motion. :

Newton's third law states: “To every action
there is an equal and opposite reaction.” This
law means that when a force is applied to any
object, there must be a reaction opposite to

_and equal to the applied force. If an object is
in motion, and we try to change either the
direction or rate of that motion, the object
will exert an equal and opposite force. That
force is directly proportional to the mass of
the object, and to the change in its velocity.
This can be stated as:

: 'Flgure‘z#4:-ForC9a dctlng ona hat isurm‘ce in an airstream.

Force = Mass times Acceleration,
or
F=ma

Thus any object in motion is capable of exert-
ing a force. Whenever a force is applied through
a distance, it does work. We can express this
as:

Work = Force times Distance
or
wW="Fd

Any mass that is in motion is capable of
applying a force over a distance, and there-
fore of doing work. Whenever the motion of a
mass i8 changed, there is, in accordance with
Newton's second law, a change in momentum.

LIFT AND DRAG

Figure 2-4 represents a flat surface mov-
ing through an airstream. In accordance with
the principle of relativity, the forces acting on
the surface are the same, regardlessof whether
we tiiinkofthe surface as moving to the left, or of
the aii'stream as moving to the right. One of
the forces acting on the surface isthatproduced
by friction with the air. This force actsina
direction parallel to the surface, asindicatedby
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Chapter 2—FACTORS AFFECTING MISSILE FLIGHT

the small white arrow at thelower right. As the
air strikes the surface, the air will bedeflected

downward. Becausetheairhas mass, thiis change

in its motion will result in a force applied to the
surface. This force acts at a right angle to the
surface, as indicated by the long black arrow in
figure 2-4. The resultant of the frictional and
deflection forces, indicating the net effect of the
two, 18 represented by thelong whitearrow. The
horizontal component of this force operating in
a direction opposite to the motion of the surface,
is drag. The vertical force, operating upward,
is lift. The angle that the moving surface makes
with the airstream is the angle of attack. This
angle affects both the frictional and the deflection
force, and therefore affects both 1ift and drag.

Another scientist, Daniel Bernoulli {1700-
1782), discovered that the total energy in any
system remains constant. That is, if one ele-
ment in any energy system s decreased, another
increases to counterbalance it. :

This is called Bernoulli's theorem. Air
flowing past the fuselage or over the wing of a
guided missile forms a system to which this
theorem can be applied. The energy in a given
air mass is the product of its pressure and its
velocity. If the energy is to remain constant,
it follows that a decrease in velocity will produce
an increase in pressure, and that an increasein
velocity will produce a decrease in pressure.

Figure 2-5 represents the flow of air over
a wing section. Note that the air that passes
over the wing must travel a greater distance
than air passing under it. Since the two parts
of the airstream reach the trailing edge of the
wing at the same time, the air that flows over
the wing must move faster than the air that
In accordance with Bernoulli's
theorem, this results in a lower pressure on

PRESSURE DECREASED

AIR FLOW VELOCITY
INCREASED -

BOUNDARY
LAYER

NORMAL
AIR

v - M
mwcm '

PRESSURE INCREASED DECREASED SLIGHTLY

AIR PILES LP

* . . ' ' 33- 38 .
Figure 2-5.— Afr flow over a wing section.

the top than on the bottom of the wing. This
pressure differential tends to force the wing
upward, and gives it 1ift.

Figure 2-5 represents the general shape
of a section of the wing of a conventional air-
craft. In such an atrcraft, the major part of
the necessary lift is provided by the Bernoulli
effect. As we will explain later, a wing of this
shape 1s not suitable fr use on missiles flying
at or above the speed of sound. None of the
Navy missiles listed in chapter 1 depends on
a wing of this shape for lift. All of them get
the necessary 1lift entirely from the angle of
attack, as jllustrated in figure 2-4.

Afr tends to cling to the surfaceofthe plane.
This thin region of nearly static air is called a
boundary layer. Within the boundary layer the
fluid velocity ranges from zero at body surface
to .free-stream velocity a short distance away.
Sudden changes in velocity, density, and pres-
sure cause disturbance waves in the flow in the
boundary layer. If the flow is smooth, it is said
to be “laminar;” if it is disturbed it is called
“turbulent,” and skin friction is greater than in
laminar flow, If the surfaceis rough, the turbu--
lent layer is increased and skin friction is
greater. Even a comparatively insignificant
proturbance on the surface, such asrivet heads,
can produce turbulent flow. The term“stream-
lining” has come to describe the technique of
designing shapes to give low resistance or drag
and prevent or delay boundary-layer turbulence,
In supersonic conditions the formation of shock
waves causes the boundary layer to thicken at
the point of contact with the shock wave and
aerodynamic pressure can be transmitted for-
ward through the boundary layer. Boundary layer

LIFT

THRUST

ommm—

DRAG

WEIGHT OF MISSILE

33.23
Figure 2-6.—~Forces acting ona moving missile.
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. PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

effects and shock waves are present sideby side
in supersonic flow and their effects contribute
to each other. A very small shock wave is
sufficient to disturb the flow over anentire wing

surface behind it. Since lift depends on the flow
of air past the surface, reduction inflow produc-
es a reduction in lift. The boundary layer effect
has been reduced by using highly polished sur-
faces, asfree as possible from any irregularities.
A complete and precise theoretical explanation
of the processeswhich cause alaminaryboundary
to become turbulent has not been formulated.

AERODYNAMIC FORCES

All present day guided missiles have at
least part of their flight paths within the earth's
atmosphere; therefore it is important that you
understand the priniciples of aerodynamics.

The principal forces acting on a missile in
level flight are THRUST, DRAG, WEIGHT, and
LIFT. Like any force, each of theseis a vector
quantity which has magnitude (length)and direc-

tion. These forces are illustrated infigure 2-6.
When the missile is not flying in a straight

line, an inertial force, termed centrifugal force, -

acts on the missile. In a turn maneuver, this
causes an acceleration greater thangravity, and
the missile weight and centrifugal force combine
to form the resultant force.

TERMINOLOGY

A discussion of the problems of aerody-
namic forces involves the use of several flight
terms that require explanation. The following
definitions are intended to be as simple and
basic as possible. They are not necessarily
the definitions an aeronautical engineer would
use.

.AIRFOIL. An _air;qg s any structure around
which air flows in a ‘manner that is useful in
controlling flight. The airfoils of a guided
missile are its wings or fins, its tail surfaces,
and its fuselage. . .. . = .. . '

' DRAG is ‘the resistance of an object to the
flow of air around it. It is due in part to the
boundary layer, and in part to the piling up of
air in front -of the object. One of the problems

.of missile design is to reduce drag while
maintaining the required lift and stability.
" STREAMLINES are lines representing the
path of air particles as they flow pastan object,
as shown in figure 2-5. : R

-3

ATTITUDE. This term refers to the orien-
tation of a missile with respect to a sclected
reference.

STABILITY. A stable body is one that
returns to its initial position after it has been
disturbed hy some outside force. If outside
forces disturb a stable missile from its normal
flight attitude, the missile tends to return to
its original attitude‘when the outside forces
are removed. If a body, when disturbed from
its original position, assumes a new position

- and neither returns to its origin nor moves

any farther from it, the body tis said tobe
neutrally stable. 1f the attitude of a neutrally
stable missile is changed by an outside force
or by a change in its controls, the missile
remains in the new position until other forces
influence it. _

A third type of stability is negative stability,
or instability. In this case a body displaced
from its original position tends to move even
farther away. For example, if an unstable air-
craft is put into a climb, it tends to climb more
and more steeply until it stalls.

MISSILE MOTIONS. Like any moving body,
the guided missile executes two basic kinds of
motions; ROTATION and TRANSLATION. In
pure rotation all parts of the body pivot about
an imaginary axis passing through the center of
gravity (fig. 2-7), describing concentric circles
around the axis. In movements of translation
(linear motions), the center of gravity moves
along a line and all the separate parts follow
lines parallel to the pathof the center of gravity.

S

PITCH

ROTATES
LATERAL ?l.ll
. AOLL
ROTATES ON
LONGITUDINAL
AXIS

& . " GENTER OF GRAVITY

'Figure 2-7.—Missile axes; flight attitude of
a guided missile.
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Chapter 2~-FACTORS AFFECTING MISSILE FLIGHT -

All the partshave the same velocity and the same
direction of movement, as in forward movement.
Any possible motion of the body is composed of
one or the other of these motions, or is a com-
bination of the two.

The three axes of rotational movement are
represented in figure 2-7 as pitch, yaw, and
roll. The missile ROLLS, or twists, about the
longitudinal axis, the reference line running
through the nose and tail. It YAWS, or turns to
right of left, about the vertical axis. PITCH, or
turning up or down, isa rotationabout the lateral
axis, the reference line in the horizontal plane
running perpendicular to the line of flight.
Rotary motions about any of these three axesare
governed by the steering devices of the mtissile,
such as the aerodynamic control surfaces. A
fourth motion is necessary for control as well as
for flight. This is the motion of translation, the
forward movement resulting from the thrust
provided by the propulsion system.

AXES. A missile in normal level flight can

be considered to move about three axes, as
shown in figure 2-7. Whenever there is a dis-
placement of a missile about any of these three
axes, the missile may do any one of the follow-
ing:

l) « It may oscillate about the axis (oscilla-
tion).

2. It may increase its displacement and get
out of control.

3. It may return to its original position
readily, without oscillation (damping),

The last possibility, which indicates a stable
missile, is the one desired. We will show later
how this problem of stability is met in missile
design, - - R

EFFECTS OF AERODYNAMIC FORCES

The aerodynamic forces—1ift, drag, weight,
and thrust—must all be considered in missile
design in order. to take advantage of the forces
and make the missile fly as intended. B

Litt

Lift is produced by means of pressure dif-
ferences. There are dynamic pressures, or the
pressure of air in motion, ahdl -differences in
the static pressure-of the atmosphere; which is -
exerted.by the -weight of the column of air-above
the miasile. Dynamic pressure. is the primary
factor. contributing.to lift. :The air pressureon
the upper surface of an airfoil (wing) mustbe

; e €Q - .

«

less than the pressure on the underside. The
amount of lifting force provided is dependent to
a large extent on the shape of the wing. Addi-
tional factors which determine the amount of 1ift
are the wing area, the angle at which the wing
surface is inclined to the airstream, and the
density and speed of the air passing around it.
The airfoil that gives the greatest 1ift with the
least drag in subsonic flight has a shape simtlar
to the one illustrated in figure 2-8.

Some of the standard terms applied to atr-
folls are included inthe sketch. The foremost
edge of the wing is called the leading edge, and
that at the rear the trailing edge (tig. 2-8A). A
straight line between the leading and thetratling
edges is called the chord. The distance from
one wingtip to the other (not shown) is known as
the SPAN. The ratio of the span to the average
chord is the ASPECT RATIO. The angle of
incidence (fig. 2-8B) is the angle between the
wing chord and the longitudinal axis of the fuse-
lage. In figure 2-8C, the large arrow indicates
the relative wind, the direction of the airflow
with reference to the moving airfoil. The angle
of attack is the angle between the chord and the
direction of the relative wind.

Center of Pressure

The relative wind strikes the tilted surface,
and as the x}gt flows around the wing, different
amounts of ing force are exerted on vartous
points of the airfoil. The sum (resultant) of all
these forces is equivalent to'a single force

LEADING TRAILING EDGE

NGLE DF-INCIDENCE

(B) ::::- LDNGITUDINAL AXIS
X ——— ~ —— 5 OF FUSELAGE

ANGLE OF ATTACK

~ £ANGLE OF INCIDENCE CENTER OF PRESSURE
(c) - Ny %
* pnmamve SO sonaroona s
’ WIND ' )
L - | | 33.24
Figure 2-8.~Standard nomenclature applied
" to airfolls.
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acting at a single point and in a particular
direction. This point is called the center of
pressure. From it, lift can be considered to
be direcied perpendicular to the direction of
the relative wind. i

The dynamic or impact force of the wind
against the lower surface of the airfoil also
contributes to 1ift, but no more than one-third
of the total 1ift effect is provided by this impact
force. '

As we have shown, the resultant forceon a
wing can be resolved into forces perpendicular
and parallel to the relative wind; these com-
ponents are lift and drag. If a missile is to
continue in level flight, its total lift must equal
its weight. As the angle of attackincreases, the
lift increases until it reaches a maximum value.
At the-angle of maximum lift, the air no longer
flows evenly over the wing, but tends to break
away from it. This breaking away (the burble
point) occurs at the stalling angle. If the
angle of attack is increased further, both lifting
force and airspeed decrease rapidly.

Angle of Attack

In actual flight, a change in the angle of
attack will change the airspeed. But if for
test purposes we maintain a constant velocity
of the airstream while changing the angle of
attack, the results on a nonsymmetrical wing
will be as shown in figure 2-9. The sketches
show a wing section at various angles of
attack, and the effect of these different angles
on the resultant force and the position ol the
center of pressure.

The burble point referred to in the lower
sketch is the point at which airflow over the
upper surface becomes rough, causing an
uneven distribution of pressure. The burble
point is generally reached wien the angle of
attack is.increased to about 18°or 20°. At this
angle of attack the separation point is placed so
near the leading edge that theupper airflow is
disrupted and the wing is in a stall (fig. 2-9D).
At moderately high angles of attack, the flowing
air can follow the initial turn oftheleading edge
but it cannot follow the wing contour completely;
then the stream separates fromthe surfacenear
the trailing edge (fig. 2-9C). At smallangles of
attack, the resultant is comparatively small. Its
direction is upward and back from the vertical,
and'its center of pressure is well backfrom the
leading -edge. ‘'Note that the center of pressure
changes with the angleof attack, and the resultant

O Sre
) LOW ANGLE e X—

OF ATTACK

MEDIUM
B AnGLE OF
ATTACK

HIGH ANGLE
[ OF ATTACK,
NEAR BURBLE
~ POINT

p OF ATTACK,
BEYOND
BURBLE
POINT

33.24
Figure 2-9.—Effect of angle of attack on center
of pressure and air flow.

has an upward and backward direction (fig.
2-9)). At a positive angle of attack of about 3°
or 4°, the resultant has its most nearly vertical
direction (fig. 2-9A). Either increasing or de-
creasing the angle causes the direction of the
resultant to move farther from the vertical.

Drag

 Drag isthe resistance ofair to motionthrough
it. The drag component of the resultantforce on
a wing is the component parallel to the direction
of motion. Thisforce resiststhe forward motion
of the missile. Ifthemissileisto fly, drag must
be overcome by thrust—the force tending to push
the missile forward. Drag depends onthe missile
area, the air density, and the square of the
velocity. = Air resists the motion of all parts of
the missile, including the wings, fuselage, tail
airfoils, and other surfaces. The resistance to
those parts that contribute lift to the missile is
called iiiduced drag. The resistance toallparts

t do not contribute 1ift is parasitic drag.

" From Newton's laws, we know two things:
_ First, if ail the forces applied to a missile are

in balance, then if the missile is stationary
it ‘will remain so; if it is moving, it will con-
tirue - to- move in the same -direction at the
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Chapter 2-FACTORS AFFECTING MISSILE FLIGHT

Ssame speed until an outside force is applied
to it. Second, if an unbalanced force—one not
counteracted by an equal and oprosite force—
is applied to the migsile, it will accelerate
in the direction of the unbalanced force.

Thrust

At the instant of launching, missile speed
is zero, and there is no drag. (We will, for
the moment, disregard air-launched missiles.)
The force of thrust developed by the propulsion
system will be unbalanced, and as a result the
missile will accelerate in the direction of
thrust. - (A solid-fuel rocket develops full
thrust almost instantly. When a long-range
liquid-fuel rocket is launched, it may be
physically held down until its engines have
developed sufficient thrust.) When thrust-weight
ratio reaches its maximum value, acceleration
of the missile is at a maximum. But, during the
launching phase, missile speed quickly in-
creases. Because drag is proportional to the
square of thespeed, dragincreases very rapidly.
Theforce of thrustis thus opposedby a progres-
sively increasing force of drag. The missile will
continue toincrease in speed, but its acceleration
(rate of increase of speed) will steadily decline.
This decline will continue until thrust and drag
are exactly in balance; the missile will then fly
at a uniform speed as long as itsthrust remains
constant. '

If the propuisive thrust is decreased for any
reason (such as a command fyrom the guidance
system, or incipient fuel exhaustion) the force
of drag will exceed the thrust. The missile

.will slow down until thetwoare again in balance.

When the missile fuel is exhausted, or ‘the
propulsion system is shut down by the guidance
system, there is no more thrust. The force of
drag will then be unbalanced, and will cause a
negative acceleration, resulting in a decrease
in speed. But, as the speed decreases, drag will
also decrease. Thus the rate of decrease in
speed also decreases. A missile will maintain

" a uniform forward motion when thrust and drag

are equal. The power required to.maintain
uniform forward motion is equal to the product
of .the drag and the speed. If drag is expressed
in -pounds, and speed in feet .per second, the
product - 18 power in. foot-pounds per second.

By definition, one horsepower 'is 550 ft-1b per
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second. The horsepower expended by a migsile
in uniform forward motion is then

. bv
he = 356

where D is the drag in pounds, and V the speed
in feet per second.

Acceleration

This term has been freely used in the chapter
without positive definition. Acceleration is
change either in speed or in direction of motion.
A missile accelerates in a positive or negative
Sense as it increases or decreases speed along
the line of flight. A missile also accelerates
in a positive or negative sense if it changes
direction in turns, dives, pullouts, or asaresult
of gusts of wind. During accelerationsamigsile
is subjected to large forces which tend to keep
it flying along its original line of flight. This is
in accordance with Newton's first law of motion:

A particle remains at rest or in a gtate of .

uniform motion in a straight line unless acted
upon by an external force. :

Acceleration - is measured in terms of the
standard unit of gravity, abbreviated by the
letter “g.” A freely falling body is attracted
to the earth by a force equal to its weight, with
the result that it accelerates at a constant rate
of approximately 32 feet per second per second.

. Its acceleration while in free fall is said to be

one “g.” Missiles making rapid turns or re-
sponding to large changes in thrust will experi-
ence accelerations many times that of gravity,
the ratio being expressed as a number of “g's.”
The number of “g's” which a missile can with-
stand is one of the factors which determines its
maximum turning rate and the type of launcher
suitable for the weapon. The delicate instru-
ments contained in a missile may be damaged
if subjected to accelerations in excess ofdesign
values. :

PROBLEMS OF MISSILE CONTROL

A missile must be so designed and construc-
ted that it will fly a specified course without
continual changes. in direction. The degree of
stability of a missile has a direct effect on the

" behavior of its controls, and for this reason a

high degree of stability must be maintained.
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As the speed of a missile increases, its sta-
bility is changed by shifts in the centerof pres=-
sure. A pressure shift causes changes in the
airflow acting on the missile surfaces. Even
in pure supersonic flow, variations in speed
will cause shifts in center of pressure.

The use of fixed fins, and spinning of the -

missile, are the simplest means of stabilizing
a missile in flight. Movable control surfaces
react with air according to the laws of aero-
dynamics to control ‘he missile infiight. Figure
- 210 shows examples of control surface designs
and locations. Fins may be used to stabilize a
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Figure 2-10.~Control surfaces:. A. Fixed and

‘movable ‘surfaces; B. Control surface designs

and logatlons.‘ - o

missile in flight by reacting against the medium
through which the missile is passing. They are
obviously not useful for missiles that travelina
vacuum (6r inhighaltitudes where theairis very
rarefied). In high-speed missiles, the control
surfaces can be made smaller; under certain
conditions they can Y2 eliminated altogether.

Stability in Subsonic Flight

Figure 2-11 represents & missile in flight;
it is longitudinally stable about its lateral axis
through the center of gravity. Airflow over the
wing is deflected downward. This angle of deflec-
tion is called the downwash angle. When 1ift de-
creases as a result of reduced speed, this
downwash angle decreases, and produces pres-

- sure changes. At certain speeds, unstable con-
. ditions are set up as a result of such pressure

shifts. When an unstable condition occurs, the
control system must quickly compensate by
moving the control surfaces or changing the
missile speed; otherwise themissilemay getout
of control. Unstable conditionsare most serious
at transonic speeds. Most missiles have dive
control and roll recovery devices to overcome
unstable conditions. For example, the hori-
zontal tail surfaces may be placed high on the
fin to minimize the effects of downwash. (At
supersonic speeds, the downwash problem dis-
appears.)

Unstable airflow over the wings of a mis-
sile may cause the aileronsto oscillate, creating
a condition known as “buzz.” A similar condition
called “snaking” may exist about the yaw axis
as a result of rudder oscillation. The troubles

‘ - DIRECTION OF
 — MOTION

DOWNWASH /

' Flgufé 2- 11 .—kDown'wash (indicating the closing
of the streamlines under the wing and the
-gubsequent downwash).

. . . | 34.-‘;@‘ .
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may be partially compensated forby nonrevers-
ible control systems, or by variable-incidence
control surfaces.

In a stable aerodynamic body, an oscillation
caused by an outside disturbing force tends to
be damped and to disappear instead ofbecoming
greater. The missile must be stabilized about
three axes of flight to maintain a steady flight
condition, so the missile neither increases nor
decreases its angle of attack.

Stability about the vertical axis is usually
provided for by vertical fins. Ifa missile begins
to yaw to the right, air pressure onthe left side
of the vertical fins s increased. Thisincreased
pressure resists the yaw, and tends to force the
tail in the opposite direction. In some missiles
the vertical fin may be divided and have a
movable part, called the rudder, that isused for
dicectional control. In addition to the rudder,
there may be trim tabs that can be set for a
particular direction of flight relative to the
prevailing wind. The vertical sides of the
fuselage also act as stabilizing surfaces. The
same action takes place here as on the-fin, but
with a lesser correcting force.

Another means for obtaining yaw stability
is by sweepback of wings. Sweepback is the

angle between the leading edge of a wing and a -

line at right angles to the longitudinal axis of
the missile. If a missile yaws to the right, the
leading edge of the left sweptback wingbecomes
more perpendicular to the relative wind, while
the right wing becomes less so. This puts
more drag on the left wing, and less on the
right. The unbalanced drag at the two sides
of the missile tends to force it back to its orig-
inal attitude. : o - :
STABILITY ABOUT THE LONGITUDINAL
AXIS may be provided by dihedral—an upward
angle of the wings. As the missile starts to
roll, the lift force s no longer vertical, but
moves toward the side to which the missile
is rolling. As a result, the missile begins to
sideslip. This increases the angle of attack
of the lower wing, and decreases that of the
Upper. Lift on the lower wing will therefore
increase, while 1ift on theupper wing decreases.
This unbalanced lift tends to roll the missile
back to its original attitude. o
. STABILITY ABOUT THE LATERAL AXIS
is accomplished by horizontal surfaces at the
tail of the missile. .The slationary part of
these surfaces is the stabilizer; the movable
part is the elevator. . Pitch stability results

from the change in forces on the stabilizer

when the missile changes its angle of attack.
For example, if the missile nose begins to
pitch downward, the force of the airstream
against the upper surface of the stabilizer will
increase. This will tend to push the tail down-
ward, and thus return the misstle to its original
attitude.

Since most modern missiles are supersonic,
with only a few seconds of flight at subsonic
speeds, the forces that affect missile flight at
supersonic speeds are of more importance to
you. They are discussed in the next section.

AERODYNAMICS OF SUPERSONIC
MISSILE FLIGHT

So far we have discussed the principles of
producing1ift by using cambered (curved) wings.
Cambered wings are still used on conventional
aircraft but are not used on most present day
guided missiles. Most operational missilesuse
streamlined fins to provide stability and some
lift.

Before discussing aerodynamics of super-
sonic missile flight, let us define some of the
terms used.

REYNOLDS NUMBER

During the development of a new missile
design, scale models of the proposed missile
are tested in wind tunnels. Butthe performance
of the model does not necessarily indicate the
performance of the actual missile, even whenall
known variables are scaled down. Insome cases
the effect of a given variable on the model may
be opposite to its effect on the full-size missile.
Reynolds number isa mathematical ratio involv-

ing relative wind speeds, air viscoscity and

denstity, relative sizes of the model and missile,
and other factors. The use of this ratio makes
it possible to predict missile behavior under
actual flight conditions from the behavior of
the model in the wind tunnel. The Reynolds
number is also applicable in hydrodynamic
testing. ,

MACH NUMBERS AND SPEED REGIONS

Missile speeds are expressed in terms of’

MACH NUMBERS rather than in miles per hour
Or knots. The Mach number is.the ratio of
missile speed to the local speed of sound. For
example, if a missile is flying at a speed equal
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to one-half the local speed of sound, it is said
to be flying at Mach Q.5. If it moves at twice
the local speed of sound, its speed is then
Mach 2. (The term “Mach number” is derived
from the name of an Austrian physicist, Ernst
Mach, who was a pioneer in the field of aero-
dynamics. It is pronounced “mock.”)

Local Speed of Sound

The speed expressed by the Mach number is
not a fixed quantity because the speed of sound
in air varies directly with the square root of air
temperature. For example, it decreases from
760 miles per houyr (mph) at sea level (for an
average day when the air is 59°F) to 661 mph at
the top of the troposphere. The speed of sound
remains constant between 55,000feet and 105,000
feet, then rises to 838 mph, reverses, and falls
to 693 mph at the top of the stratosphere. Thus
you can see that the speed of sound will vary
with locality.

The range of aircraft and missile speed is
divided into four regions which are defined with
respect to the laocal speed of sound. These
regions are as follows. '

SUBSONIC FLIGHT, in whichthe airflowover
. all missile surfaces is less than the speed of

sound. The subsonic division starts at Mach 0
and extends to about Mach 0.75. (The upper
limit varies with différent aircraft, depending on
the design of the airfoils.)

‘At subsonic speeds, sustained flight is de-

. pendent on forces produced by the motion of the

aerodynamic surfaces through the air. Whenthe
surfaces of airfoilsare well designed, the stream
of air flows smoothly over, under, and around
them, and the air stream conforms to the shape
of the airfoil. In addition, when the airfoils are
set totheproper angle,and motionisfast enough,
the airflow will support the weight of the air-
craft or migsile. I
TRANSONIC FLIGHT, in which the airflow
over the surfaces is mixed, being less than
sonic spéed in some areas and greater than
sonic ‘#peed in others. The limits of this region
are not sharply defined, but are approximately
Mach 0.76 to Mach 1.2. Under these conditions,
shock waves are present; theairflowisturbulent,
and the missile may be severely buffeted. A
high-speed missile shquld be madetoaccelerate

velocity. This region extends from about Mach
1.2 upward. In supersonic flow, littleturbulence
is present.

HYPERSONIC FLIGHT. When any object
moves th.ough the air, the molecules of air re-
quire a finite time to adjust themselves to its
presence, and to readjust themselves after it
has passed. This period of adjustment and re-
adjustment is called the relaxation time. If the
time required for a missile topassagiven point
is equal to or less than the relaxation time, the
missile s moving at hypersonic speed. Relaxa-
tion time is longer at high altitudes, and the
beginning of the hypersonic speed zone is cor-
respondingly lower. Velocities that are not
hypersonic at sea level may become so at high
altitudes. Under most conditions, thehypersonic
speed zone begins somewhere between Mach 5
and Mach 10.

HEAT BARRIER

This is not a barrier in aphysical sense, but
its effect tends to limit the maximum speed of
a missile through the atmosphere. Heat results
not only from friction, but from the fact that at
high speeds the air is compressed by a ram
effect. The temperature rise caused bytheram
effect is proportional to the square of the Mach
number. The average temperature atsealevelis
considered to be 59°F; temperature decreases
steadily with altitude to about 46,000 feet, above
which it is assumed tobe constant. At sea level,
ram temperature is about 88°F at Mach 1—26°
higher than the standard temperature. At
Mach 2, ram temperature at sea level is about
260°F, and at Mach 4 about 1000°F. Missiles
capable of flying at these speeds mustbe capable
of withstanding these temperatures. This prob-
lem is particularly serious with ballistic mis-
giles intended to plunge down into the atmos-
phere at speeds in the order of Mach 12. A
significant part of the development effort for
long-range ballistic missiles has been devoted
to development of nose cones capable of with-
standing extreme temperatures.

-

SHOCK WAVE

_ The term “shock wave” is often used in
describing effects of nuclear explosions but it

through' the transonic zone in the least possible ~41g not” a phenomenon occurring only in tremen-

time to prevent taege disturbances. -

dous explosions. The same interactionof forces

SUPERSONIC FLIGHT, in which the airflow produces a shock wave in less overpowering

over all surfaces is at speedsgreaterthan sound

6 \ .‘-;"ﬁrl»x
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situations.
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. As a missile moves through the atr, the afr
tends to be compressed, and to pile up in front
of the missile. Because compressed air can
flow at speeds up to the speed of sound, it can
flow smoothly around a low-speed missile. But
as the missile approaches the speed of sound,
the air can no longer get out of the way fast
enough. The missile surfaces split the air-
stream, producing shock waves. A shock wave
is a sharp boundary between two masses of air
at different pressures. - :

-Shock waves can seriously alter the forces
acting on a missile, requiring radical changes
in trim. The missile tail surfaces may be
serfously buffeted and wing drag rises. Any
deflection of the control surfaces in an attempt
to overcome these conditions may.cause new
shock waves, which interact with those already
present. For this reason there may be certain
speeds at which the controls become entirely
useless. In some cases the controls become
reversed, and the action which usually results
in a turn to port may result in one to starboard
instead. These effects and many others may be
the restlt of compressibility, a property of the
airstream which is not ‘prominent at low speeds
but which cannot be ignored at high speeds.

THE NATURE OF COMPRESSIBILITY .~
When an object moves through the air, it con-
tinuously produces small pressure disturbances
in the airstream as it collides with the air
particles in its path. Each such disturbance—a
small variation in the pressure of the air—is

“transmitted outward in the form of a weak pres-

sure wave. Each expanding pressure wave
travels at the speed of sound. Although each
pressure wave expands equally in all directions,
the important direction is that in' which the
object generating it is moving. ' .
As long as the object is moving at low sub-
sonic speed, its. position with respect to the
pressure .wave it produces is similar to that
shown in figure 2-12A. The pressure wave ex-
pands in all directions. . Since its speed is high
compared -w:h that of the body, the variation in
pressure travels well ahead and agitates the air
particles in the path of motion.. 'Hence, when
the body arrives at any given point, the air
particles there are already in motion-and can
easily and smoothly flow around it. - ‘

In figure 2-12B and C, the object 1s repre-
gsented as increasing in speed but as still.
travelinz below sonic velocity. As speed in-

creases, the object at any moment is nearer the
undisturbed air particles in its path..  This

. .
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means that the greater the speed of the moving
body, the fewer the number of air particles
that will be able to move from its path, with
the result that the air begins to pile up in front
of the body.

When the object reaches the speed of sound,
the condition represented in figure 2-12D oc-
curs. The pressure wave can no longer outrun
the object and prepare the afr particles in the
path ahead. The particles then remain undis-
turbed until they collide with the air that has
piled up in the airstream just ahead of the
object. As a result of the collision, the air-
stream just ahead of the object is reduced in

‘speed very rapidly; at the sametime its density,

pressure, and temperature increase.

As the speed of the object is increased beyond
the speed of sound, the pressure, density, and
temperature of the air just ahead of it are in-
creased accordingly; and a region of highly
compressed air extends some distance out in
front of the body. Thus a situation occurs in
which the air particles forward of the com-
pressed region at one moment are completely
undisturbed, and at the next moment are com-
pelled to undergo drastic changes in velocity,
density, temperature, and pressure. Because
of the sudden nature of the transition, the
boundary between the undisturbed air and the
compressed region is called a shock wave.

You cannot see these changes taking placein
air but you can see the same type of action oc-
curring in water. Using a boat on a lake in our
analogy, the changes might be described ag
follows. )

For the purposes of the illustration, we'll
assume that the waves or ripples formed on the
lake will move at 10 mph, and the Mach number
is the ratio of boat speed to wave speed.

With the boat at rest, the waves made by the
boat bobbing up and down will spread out in con-
centric circles at the rate of 10mph (fig. 2-134).
Now if the boat moves at the rate of 5 mph
(representing a speed of Mach 0.5), the ripples
will still spread out at the rate of 10 mph but
they will no longer be concentric (fig. 2-13B).
In figure 2-13C, the boat is moving at the same
speed as the speed of wave propagation, repre-
senting Mach 1, and all the waves are tangent to
each. other at the bow of the boat. In figure
2-13D, the boat is moving at twice the wave
speed-~Mach 2—and it leaves the ripplesbehind.
The wave pattern now becomes a wedge on the
surface of the water. In the air, with three-
dimensional flow, the pattern would be a cone.
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B:AREA IN PATH OF MOVING OBJECT, JUST
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Figure 2-12.—Compressibility of air at various__speeds;

The semivertex angle is the MACH ANGLE. The
greater the speed above Mach 1, the smallerthe
angle. The shock waves form at the point of
greatest density, where ripples meet. The bow
wave of the boat is closely analogous to the
conical shock wave that spreads from the nose
of a supersonic missile. - Both have the same
cause: the fact that an object is moving through
a fluid faster than the fluid itself can flow..

Types of Shock Waves.
There are several types of shock waves, the

principal classes being the NORMAL and the
OBLIQUE.  These differ primarily in the way

in: which' the ‘airstream passes  through them.

In the normal (or perpendicular) wave, the air
passes thirough  without: changing direction, and

r =RADIUS OF PRESSURE WAVE CIRCLE=
(SPEED OF SOUND) X (TIME FOR OBJECT
YO GET FROM CENTER OF CIRCLE TO
POINT "A"). '

M= MACH NUMBER OF MOVING OBJECT.
-=-= FLOW OF AIR STREAM.

33.26

the wavefront is perpendicular to the line of
flow (fig. 2-14A). The normal shock wave is
usually very strong; that is,thechangesinpres-
sure, density, and temperature within it are
great. The air passingthrough thenormal shock
wave always changes from supersonic to sub-
sonic velocity. .-

OBLIQUE shock waves are'thosein which the
airstream changes in direction upon passing
through the transition marked by the wave-
front (fig. 2-14B). These waves are produced
in supersonic airstreams at the point of entry of
wedge-shaped and other sharply pointed bodies.
The resulting wavefronts make angles of less
than 90° with the line of flight. Like the normal
shoek wave, the oblique wave occurs at a point
of change in velocity from a higher to a lower
value. - The change in speed is usually from
supersonic to subsonic but not always so. In
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_ 144.7
Figure 2-13.—-Mach angle analogy.

some cases the airflow is supersonic both up-
stream and downstream of the oblique wave.
In general, the variations in density, pressure,
and temperature are less severe in the oblique
wave than in the normal'shockwave. As we have
said, a shock wave is a sharp boundary between
two masses of air at different pressure. Air

- behind the oblique shock wave has a lower

relative speed than that in front, and there-
fore has a higher pressure.

NORMAL shock waves can occur over the
wing surfaces of a subsonic aircraft that ex-
ceeds its maximum safe operating speed (fig.
2-15A). ' The high speed (but still subsonic)
airstream flows up over the leading edge of the
wing, increasing in velocity as it does 80, and
passes the speed of sound. At a point on the
wing slightly rearward of the leading edge, the
velocity of the flow decreases, changing from a
supersonic to a subsonic value. At the point of
transition a normal shock wave is formed. This
process  illustrates the following rule which
always holds true: The transjtion of air from
subsonic to supersonic flow.. |8 smooth and ,un-

accompanied by shock waves, but the change
from supersonic to subsonic flow is ‘always

sudden and is accompanied by large variations
in pressure, density, and temperature. Figure

SUPERSONIC .
FLOW 2
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*—SHOCK WAVES

. 33.27:.28
Figure 2-14.~-Fqrmation of shock waves:
A. Normal shock waves; B. Oblique shock
waves.

2-15 shows the manner in which shock waves
behave at increasing airfoil speeds. In figure
2-15A, the airfoll is traveling at Mach 0.75. The
airflow over the upper surface is fast enough to
cause the formation of a shock waveonthe upper
surface. As the airfoil speed increasesto Mach
0.90 (fig. 2-15B), the airflowbecomesfast enough
to cause an additional shock wave toformon the
lower surface. Figure 2-15C shows the waves
moving toward the tral:'ig edge as the airfoil
speed 18 increased to Mach 0.95. Finally, when
the airfoil reaches supersonic speed (fig. 2-15D
and E), the upper and lower shock waves move
all the way back to the trailing edge and, at the
same time, a new shock wave is produced in
front of the leading edge.

CONTROL OF SUPERSONIC MISSILES

Aerodynamic control is the connecting link
between the guidance system and the missile
flight path. Effective control of the flight path
requires smooth and exact operation of the
missile control surfaces. The control sur-
faces must have the best possible design con-
figuration for the intended speed of the mis-
sile. They must be moved with enough force
to produce the necessary change of direction.
Methods must he found for balancing the vari-
ous controls, and for changing them to meet
the variations of 1lift and drag at different
Mach speeds s0 as to maintain missile stability.
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Figure 2-15.—Shock waves at various
" speeds of airfoils.

In some modern miséues lift is achieved
entirely by the thrust of the main propulsion
system. . The Polaris misstle, for example, has

no fins. It is important that you realize that
fins cannot control a missile outside theearth's

atmosphere. The methods of achieving control

in space will be discussed later in the course.
External Control Surfaces

The simplest control surfaces arefixedfins.

The flight of an arrow is an example of the
stability provided by fixed fins. The feathered
fins on an arrow present streamlined airflow
surfaces which ensure accurate flight. Since
supersonic missile fins are not cambered, a
slightly different 1ift principle is involved than
with the conventional wing. At subsonic speeds

o a positive angle of attack will result in impact
" pressure on the lower fin surface which will
produce lift just as with the conventional wing,

At supersonic speeds, the formation of expan-
sion waves and oblique shock waves also con-

tion of a supersonic fin and airflow about it.

Due tothefin shape, the air is speeded up through
a series of expansion waves. This results ina

tributes to lift. Figure 2-16 showsa cross sec-"
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Figure 2-16.—Airflow about a supersonic fin.

low pressure area abovethefin. Beneath the fin,
the force of the airstream (dynamic pressure)
and the formation of oblique shock waves result
in a high pressure area. The differences in
pressure above and below the fin produce lift.
Fixed fins are usually called vertical stabilizers
or horizontal stabilizers, dependirg on their
position and function.

Guided missiles may also be provided with
movable control surfaces, since stationary fins
cannot provide theprecise control needed to keep
the missile on a desired course. Movable con-
trol surfaces can be divided into two types:
primary and secondary. The primary controls
include ailerons, elevators, and rudders (fig.
2-17). Secondary control surfaces include tabs,
spoilers, and slots. Primary control devices
are responsible for maintaining missiles along
desired trajectories. If no unstabilizing condi-
tions were present, primary control could func-
tion satisfactorily. A missile can be controlled
more accurately and more efficiently, however,
by the use of secondary controls, in various
combinations, working in conjunction with pri-
mary controls. '

Allerons, elevators,and ruddersareattached
to fixed wings and tails as in a conventional
aircraft. '

In figire 2-17, ailerons are attached to the
trailing edges of the wings. When one aileron
is lowered, the other is raised. Movement of

‘ the ailerons changes the wing camber and brings
about roll control. The wing with the raised.
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RUDDER
RUDDER TAB

ELEVATOR T1AB
ELEVATOR

33.39
Figure 2-17.—Control devices on conventional
- type missiles. '

aileron moves down and the other wing moves
up.

Elevators attached to the horizontal tail
stabilizers may be used for pitch control. The
elevators are raised or lowered together.

Rudders attached tothe vertical stabilizers
(tig. 2-17) may be used for yaw control.

If the rudder moves to the right the tail moves
to the left, and the missile yaws to the right.

Tabs are hinged toprimary control surfaces,
and the force exertedby thesedevices isdirected
to act against a primary control and not the
missile itself. For example, consider a tab
(fig. 2-17) on an elevator. If the tab moves up-
ward, the deflected air will exert a downward
force on the elevator. The elevator will then
move down. Note that it is still the elevator,
not the tab, that directly controls the missile.
A fixed tab is preset for a given condition of
stability; a trim tab is controllable and its
setting can be varied over a wide range of con-
ditions. A booster tab is used to assist in
applying force to move control surfaces oflarge

A spoiler can be any of gevéral devices--
for example, a hinged flap on the upper surface
of the wing. Supposethatagustof air causes the
left wing to lose lift. The spoiler on the right
wing can be raised to ‘“spoil” the smogth flow of
air over it, and thus decrease its ift to equal
that of the other wing. T

A slot 18 basically a high-lift ‘device located
at the leading edge of the wing. At a normal
angle of attack, it has no effect. At high angles

of attack the slot can be opened to allow air to
spill through and thus prevent a stall.

Dual Purpose Control

The primary and secondary control devices
discussed above are usedonolder type missiles,
although the Bullpup missile uses a type of tab.
For high-speed missiles, new control surface
designs have been developed. Examples of such
surfaces are eleyons, rollerons, ruddervators,
and ailevators. As thenames indicate, theseare
multipurpose control devices. For example, an
elevon replaces an elevator and an aileron,
allowing control of pitch and yaw by a single
control mechanism. The Regulus missile used
this device. If operated together, they serve as
elevators; 1if operated differentially, they serve
as ailerons. If the missile tail surfaces were
inclined upward, to form a V with the missile
axis, controls on the trailing edgesof these sur-
faces could be used as ruddervators. By suit-

- able combinations of inovements, they could

control the missile in both pitch and yaw.
Figure 2-10A shows the fixed and movable stabi-
1izing surfaces on Tartar and Bullpup missiles.
The Tartar has four fixed trapezotidal dorsal
fins the length of the rocket sectton, and four
independently movable tafl fins. The tail fins
are folded during handling and stowage.

The Terrier BT-8 has fixed dorsal fins
and folding tail surfaces. Four booster fins
are mounted 90° apart aroundthe after endof the
booster, and are in line with the missile tails
and the dorsal fins. The Terrier BW-1 has
fixed tails.

The Talos missile has four movable wings
in a cruciform arrangement at approximately
the missile longitudinal center of gravity. Four
fixed fins near the after section are mounted in
line with the four wings. The booster also has
four fins, which are attached to the exit nozzle.
After the booster propellant has burned out, the
booster airframe drops off.

Control at Starting Speeds

Surface-launched missiles start out with zero
velocity, and accelerate to flying speeds. For
a short time after launching, airspeed over the
control surfaces is slow, and these surfaces are

. unable to stabilize the missile or control its

course. With small, booster-launched misgstles,
this problem is not gertous. Terrter, for ex-
ample, builds up enough speed for aerodynamic
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

stability in a fraction of a second. But heavy
intercontinental ballistic missiles rise slowly
from their launching pads, and may require
auxiliary controldevices fora number of Sseconds
after launching. Two types of auxiliary control
have been used.

EXHAUST VANES are surfaces mounted di-
rectly in the exhaust path of a jet or rocket
engine (fig. 2-18B). When the exhaust vanes
are moved, they deflect the direction of exhaust,
and thus produce a lateral component of thrust
that can be used to keep the missile pointed in
the desired direction. This is possible because
the exhaust velocity is very high, even when the
missile has just begun to move. Because of the
tremendous heat in the exhaust, the life of ex-
haust vanes is short. The German V-2 used
exhaust vanes made of carbon. The melting
point of carbon is far above the exhaust tem-
perature. But because carbon burns, the vanes
were eroded rapidly. By the time the V-2
reached a speed at which the vanes were no
longer needed, they were burned away com-
pletely. Exhaust vanes are also used to. stabi-
lize missiles in travel outside the atmosphere.

~ JET CONTROL (fig. 2-18) is similar to
exhaust vane control in that both deflect the
exhaust to produce alateral component of thrust.
One method of jet control consists in mounting
the engine itself in gimbals, and turning the
whole engine to deflect the exhaust stream (fig.
2-18C). This system requires that the engine
be fed by flexible fuel lines, and the control
system that turns the engine must be very

A GIMBALLED ENGINE CHANGES
. DIRECTION OF THRUST

AUXILIARY

DIRECTIONAL
THRUST  ,eT CONTROL
A B (H
33 01 77- 0181

- Figure 2-18.—Jet control of flight attitude.
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powerful. Another method of jet control con-
sists in mounting several auxiliary jets at
various points (fig. 2-18A) on the missile sur-
face. By turning on oneor more of the auxiliary
jets, it is possible for the guidance and control
systems to change the missile course as re-
quired. Heat shields are necessary to protect
the main body of the missile from exhaust heat
generated by the jets. The use of auxiliary
jets makes it possible to eliminate the outside
control surfaces entirely. This is the steering
method most likely to be used for control of
missiles after they leave the atmosphere (and
eventually, for the control of space ships).

VECTOR CONTROL. Man-made forcesmay
exert velocity vector control of missiles in
flight. A ballistic missile before rocket burn-
out, when it is recetving rocket thrust with
gyro control of the direction of motion (fig. 2-
19), 18 receiving velocity vector control=the
missile path is being shaped as desired, ateach
instant. On the other hand, a rocket under pure
thrust, uncontrolled in magnitude and with no
direction control, is not considered as receiving
velocity vector control. A missile experiencing
thrust may have its velocity vector controlled by
the use of auxiliary devices to control the speed
and direction of missile flight. The thrust
itself may be controllable in magnitude and
direction. Both of these types are directional
controls, achieved by the following general steps:
tracking the target; predicting its future posi-
tion; and converting target data to directional
orders, either inside or outside the missile. In
the case of guided missiles or ballistic missiles
before burnout, the directional orders are im-
plemented in the missile so as to produce
directional control forces. Thismaybeachieved
by the use of fins or rudders, by controlling
the direction or magnitude of the main thrust,

or by auxiliary side thrusts (rockets). In the

last example there is a slight overlap between
thrust and directional control; here directional
control is achieved by means of the thrust
itself (fig. 2-19B). A guided missile is usually
under the combined influence of natural and man-
made forces during its entire flight. Man-made
forces include thrust and directional control.
The vector ‘sum of all the forces, natural and
man-made, acting on a missile at any instant,
ma$'be called-the total force vector (fig. 2-18C).
it is this vector, considered as a function of
time, in magnitude anddirection, which provides
velocity vector control.
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Chapter 2—-FACTORS AFFECTING MISSILE FLIGHT

THRUST
(MAN MADE/

a. BEFORE
BURNOUT

GRAVITY

AERODYNAMIC (NATURE)

FORCES
(NATURE)

’

b. AFTER BURNOUT
AERODYNAMIC FORCES

: GRAVITY

(NATURE)
A.

GRAVITY
AERODYNAMIC

Figure 2-19.—Vector control: A. Before and after burnout; B. Thrast vectors;

GRAVITY

144.9

C. Total force vector.

Vector control as achieved in some mods of
the Polaris missile will be described briefly,
The Polaris has no controllable aerodynamic
. surfaces, and must therefore be stabilized and
controlled by other means. Its flight control
subsystem provides control and stabilization of

‘the missile during its: powered flight. The
propulsion subsystem provides thrustand thrust -

vector control. The combustion gases from the

burning propellant are exhausted through four
nozzles, and each nozzle has a jetevator which

‘can be moved to deflect the gases as ordered
‘by the flight control subsystem. Figure 2-20

illustrates the action of the ‘jetevators in stabi-
lizing and steering the missile. For convenient
reference, the nozzles are numbered clock-
wise as seen from the rear. The jetevators,
one on each nozzle, are. pivoted on the top and
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bottom on nozzles 2 and 4, and at either side on
nozzles 1 and 3. The jetevators normally func-
tion in pairs. Those on nozzles 2 and 4 can
deflect the gas stream either to the right or the
left, and those on 1 and 3 can deflect it either
upward or downward. Figure 2-20showshowthe
‘jetevators function in the missile to produce
pitch up, yaw to the right, and missile clock-
wise roll. Positioning jetevators 1 and ? as
shown in figure 2-20A, deflects the gaa stream
upward, which causes the niissile to pitch up-
ward. In part B of the figure, jetevators 2 and
4 deflect the gas stream to the right and cause
the missile’s nose to yawtothe right. In part C,
each jetevator pair is set differentially (No. 1
deflects the gas streamdownward, No. 3 deflects
it upward; No. 2 deflects it to theright, No. 4 to
the left); this drives the missile into a clock-
wise roll. The jetevators are moved by signals
from the flight control subsystemof the missile.

EFFECTS OF MISSILE CONFIGURATION

The configuration of a guided missile is
the principal factor controlling the drag and
1ift forces that act.on it. And these two forces
largely determine the overall efficiency of the
missile. Missile configuration and strength
are dependent on the required missile maneuver-
ability, stability, speed, and operating altitude.

_ subsonic flight:

Both lift and drag are directly proportional to
the square of missile speed.

DRAG REDUCTION. It is essential that
supersonic missiles be designed for minimum
drag. A low drag configuration makes it pos-
sible to use a smaller power plant, with a
lower rate of fuel consumption. The resulting
saving in bulk and weight can be used to extend
the range of the missile, add to its warhead
payload, reduce itsoverall size, or any combina-
tion of these three.

The effects of thickness distribution, Rey-
nolds number, surface imperfection, and Mach
number all influence missile drag. Wing drag
is influenced by thickness ratio, sweepback,
aspect ratio, and section of airfoil. Total drag
of the missile is made up of fuselage drag, wing
and fin drag, and another factor not present in
mutual interference between
the drags of the individual parts. For example,
the drag of a wing may be strongly affected,
for better or worse, by the shape of the body on
which it iz mounted. Since drag is directly
proportional to velocity squared, minimumdrag
design becomes of paramount importance as
missile velocity increases. .

- LIFT EFFECTIVENESS. A steadyliftforce,
equal to the weight of the @ssﬂe, mustbe main-
tained to keep the migsilé in level flight. Addi-
tional lift must be available for maneuvering.

<

'.

ﬂkute "2-/-20;-'-.! etevator acﬂdn for missile control: A. Jetevators positioned to cause mis

pitch up;
I‘Q“.., )
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B. Jetevators positioned for yaw to the right; C. Jetevators positioned for clockwise
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Chapter 2—~FACTORS AFFECTING MISSILE FLIGHT

" A missile must be so designed that the neces-

sary lift is provided with mintmum drag. And,
for satisfactory control response, lift must vary
smoothly with the angle of attack.

The conditions of flight associated with sub-
sonic airflow are well known. Airflow phe-
nomena at supersonic speeds are orderly, and
can be analyzed mathematically. But in the
transonic speed range, major design prob-
lems arise. A great deal remains tobe learned
about airflow in this range. )

Airflow over an ideal wing would be sub-
sonic until the missile reaches a velocity of
Mach 1, and it would then immediately become
supersonic. In other words, an ideal wing, if
it were possible to make one, would eliminate
the transonic range. Actually, the transontc
range begins when the flow over any part of

the missile becomes supersonic, and continues . -

until the flow over all parts of the missile
becomes supersonic. The free-stream Mach
number at which transonic flow begins on any
given missile is called the critical Mach num-
ber for that missile.

Every missile is designed for a cruising
speed either below the transonic region or
above it; no missile is intended to cruise
within this region. For supersonic missiles,
the effects of the transonic zone can be mini-
mized in two ways. First, the range of speeds
included within the transonic zone can be nar-
rowed by suitable design of themissile. Second,

by maintaining maximum powerplant thrust until

after supersonic velocity is reached, the mis-
sile can pass through the transonic region in
minimum time. Supersonic missiles are often
launched with the help of boosters. A booster
may be considered as an auxiliary powerplant.
It consumes fuel at a rapid rate, and develops
a high thrust. After the missile has passed
through the transonic region its booster falls
away. The missile is then propelled at super-
sonic speed by its own powerplant, which has a
lower rate of fuel consumption and a smaller
thrust than the booster. :

Figure 2-10B represents locations and de-

signs of control surfaces of current guided:

missiles. The optimum arrangement of air-

" folls on a missile is governed by many factors,

such as speed, rate of acceleration during the
launching phase, range, and whether or not the

missile is-to be recovered. The sketclies in

figure 2-21. show. some of the more common
arrangements of missile airfoils. Insome mis-
sile designs, arrangements shown in the figure

a4
' .
* 4§\

TAIL UNITS

"W TPEOR -
CONVENTIONAL DOUBLE RUDDER V-TAIL 4
: ? SSOE
VERTICAL TAIL 120° FINS CRUCIFORM

WING ARRANGEMENTS

MIDWING HIGH WING

LOW WING CRUCIFORM
CRUCIFORM RELATIONSHIP

0
\ﬁm %ﬁf |
TIP OF
WING _ ‘

INUNE INTERDIGITAL

- PARASOL WING
SHOE

. 33.35
Figure 2-21.—Arrangements of
control surfaces.

as ‘“tail units’’ may be used at the mid-section
or even at the nose of the missile; in others,
some of the ‘‘wing arrangements’’ ‘shown in the
figure may be used as tail units.

The CONVENTIONAL and CRUCIFORM are
the most popular tail arrangements. The HIGH
WING and cruciform wing arrangementsare used
for most missiles. The INLINE cruciform ar-
rangement {8 widely used, especially for super-
sonic missiles. The INTERDIGITAL form is
used on older mods of Terrier.

In some supersonic missiles, body 1ift may
be the only lifting force. In such high-speed
applications, control surfaces can be made

: smaller or eliminated altogether, as inPolaris,

thus counteracting the increased drag at high
speeds. : ;
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

At supersonic speeds, the advantages of
camber (curve) of the airfoils no longer exist,
and wing designs must be modified. The wing
receives its 1lift as a result of the angle of
attack rather than of any increase in velocity
of the air stream over the upper surface as
compared with the lower surface. A smooth
flow of air over the wing (or fin) surface keeps

down thedrag; anything that increases turbulence.

of the airflow increases drag.

FIN DESIGNS. Supersonic fins are sym-
metrical in thickness cross section and have a
smallthickness ratio~the ratio of the maximum
thickness to the chord length. The DOUBLE
WEDGE, shown in figure 2-22A, has the least

drag for a given thickness ratio, but in certain -

applications it is inferior because it lacks
strength. The MODIFIED DOUBLE WEDGE has
relatively low drag (although its drag is usually
higher than a double wedge of the same thickness
ratio) and is stronger than the double wedge.

The BICONVEX, also shown.in the figure, has

about one-third more drag than a double wedge
of the same thickness ratio. It is the strongest
of the three but is difficult to manufacture.

" The planform of the fins--the outline when '

viewed from above—is usually either of the
DELTA-MODIFIED DELTA (raked tip) or
RECTANGULAR types shown in figure 2-22B.
These shapes considerably reduce unwanted
shock wave effects. The combination of a raked
tip and cathedral droop (fig. 2-22C) of the wings
permits better control as the swept-back wings
delay air compressibility.

Most missile bodies are slender cylindrical
structures similar to those shown in figure
2-22B. Several types of nose sectionsareused.
If the missile is intended for supersonic speeds,

the forward section usually has a pointed arch .

profile in which the sides taper in lines called
OGIVE curves (fig. 2-22D(a). Missiles which
fly at lesser speeds may have blunt noses as
shown in figure 2-22D(b). The Sidewinder is an
example of a missile with such a nose. . An air-
breathing missile nose. which includes the duct
for the ramjet propulsion system is also shown
{tig. 2-22D(d). - . " R :

Hydrodynamics |

- . Since surface-fired missiles for underwater
attack are part of the missile armament 6f
many. ships, you need to know.something about
the -affect of water.on missilie shape, speed,

trajectory, and other aspects. Thedevelopment

~ailif- ousLE WEDGE
A "o o

— WEDGE
Al :convex

‘ A

DELTA

oA D

CLIPPED TIPDELTA DELTA OR TRIANGULAR

RECTANGULAR RECTANGULAR WITH RAKE
CATHEDRAL ANGLED.
“DROOP" USED WITH SWEEP
BACK FOR
BETTER CONTRO

AN

BLUNT NOSE WITH AIR DUCT

ROUND NCSE

© 33.33-.41

Figure 2-22.—-High speed configuration char-

acteristics: A. Supersonic fin cross-sectional

shapes; B. Supersonic fin platforms; C. Wing
angle; D. Missile noses. -
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Chapter 2—FACTORS AFFECTING MISSILE FLIGHT

| of it on a surface moving in water differs The greater the-1ift required of the hydro-
' substantially from the same phenomenon in air foll, the greater must be the effective angle of
| . ' because water. is almost incompressible while attack at which it moves, withinthe normal range ;
air is highly compressible. When a missile of angle of attack. As speed increases, water, :
moves through air, a change inthe densityof the 1ike air, cannot get out of the way of the moving
air occurs at various points of the missile and fofl fast enough. Discontinuities of flow occur,
its airfoils. The same motion through water causing cavitation (formation of areas of vac-
produces a different effect. The flow of water uum), and lift decreases, drag increases, and
3 past an inclined plane (the hydrofoils) can be buffeting and other undesirable phenomena may
treated as two separate motions. The first is - occur. This is called the stalling point, com-
the streamline flow (fig. 2-23A), just as is en- parable to the burble point in atr.
countered in air, and the second s a circulation i
(tig. 2-23B). The circulation component is due Designers of missiles whose trajectory is |
partly through air and partly through water must
directly to the incompressibility of water. The
. consider. both aerodynamic and hydrodynamic
net flow (resultant) is the sum of the two com-
effects on the missile shape and its wingsand -
ponents (fig. 2-23C). The resultant velocity is ' :
fins. - This requires compromisesin design. For i
i . greater above the plate than below it, and there !
! example, an airfoil should be thin to achieve
is therefore a powerful uplift force. The drag th thest f1 £ ai th of but
force is parallel to the direction of motion, b omootiest flow of air over the surfaces,
: a hydrofoil must have thick Sectiong, or atleast ;
the leading edge mustbe relativelythickbecause }
! : of the extremely wide range of attack angles to
. which it may be subjected. Therefore, some lift |
has to be sacrificed in order to have a foil able :
- to withstand water forces. Water has greater
e buoyancy than atr, solessliftingforce is needed,

P L4 — but at the same time, the drag force is greater,
+P == 80 a greater propulsive force is needed. Rico-
—_— e = chetting or skipping at water entry mustbepre- :
' = vented. All these factors must be considered ]
i
h A STREAMLINE FLOW VELOCITY n the missile configuration. ,

GUIDED MISSILE TRAJECTORIES

> The trajectory of a missile is its path from
“ launch to impact or destruct. There are two
/é": basic types of missile trajectories: ballistic
and aerodynamic (including the ‘‘gravity-

VELOCITY biagsed’’ aerodynamically supported trajectory).
A number of other trajectories are named ac-
cording to the path traveled. Some of these
trajectories are; aeroballistic, glide, powered
flight, terminal, zero 1lift, skip, and standard or 3
ideal. The chapters on guidance illustrate some 5

LIPS

B CIRCULAR FLOW

Rl ot ok K

% of the trajectories. '
= - In a BALLISTIC trajectory, the missile is
acted upon only by gravity and aerodynamtc
VELOCITY -

drag after the propulsive force is terminated. ;

C RESULTANT FLOW _ . " Gun projectiles have a purely ballistic trajec- |

: - . tory; ballistic missiles have at least the major ; ,

: : . 144.11 part of the trajectory a ballistic one. ;

Figure 2-23.—Flow of water about an inclined. . An AERODYNAMIC missile isone whichuses i-

plane: A. Streamline flow; B. Circular flow; aerodynamic forces to- maintain its flight path; i
C. Resultant flow. . it usually has a winged configuration,
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

TRAJECTORY CURVES

Missile trajectories include many types of
curves. The exact nature of the curve is
determined by the type of guidance and the
nature of the control system used. For some
missiles, the desired trajectory is chosen be-
fore the missile is designed, and the missile is
closely limited to that trajectory. Missiles may
offer a choice of trajectories.

HYPERBOLIC TRAJECTORY.-A missile
using a hyperbolic guidance system will first
climb to the desired altitude, then follow an arc

.of a hyperbola before Aiving on itstarget. If the

control stations are ideally located with respect
to the target, the hyperbolic course is a close
approach to a straight line. This system is not
used with any of our guided missile systems at
present. It operates on the Loran principle,
with a “master’’ and a ‘‘slave’’ station sending
radio signals to fix the location of the target.

PURSUIT CURVE.—Sonie homing missiles,
and some beam riders, follow a pursuit curve.
At any given instant, the course of the mis-
gile 18 directly toward the target. If missile
and target are approaching head-on, or if the
missile is engaged in a tail chase, the pursuit
curve ma2y be a straight line unless the target
changes course. But a -missile that pursues a
crossing target must follow a curved trajec-
tory. As the missile approaches a crossing
target, the target bearing rate increases, and
the curvature of the missile course increases
correspondingly. In some cases the extreme
curvature of the pursuit course may be too
sharp for the missile to follow.

LEAD ANGLE COURSE.~Some homing mis-
siles follow a modified pursuit course. The
deflection of the missile control surfaces is
made proportional to the target bearing rate.
The missile flies not toward the target, but
toward a point in front of it. The missile thus
develops a lead angle, and the curvature of its
course i8 decreased. '

A further refinement is possible if a com-
puter, either in the missile or at a control
station, can use known information about the
missile and target to calculate a point of inter-
cept which missile and target will reach at the
same instant. Because the missile is guided.
directly toward the" poinit of intercept, itstra-
jectory is a straight line. If thetarget changes
course during the missile flight, a new point

. : 4
. I A
R 4

of intercept will be calculated, and the missile
course will be turned toward the new point of
intercept.

BEAM-RIDER TRAJECTORY.-As we will
explain in a later chapter, abeam-rider.missile
may follow either a pursuitcurveoralead-angle
course, depending on the type of system used.

FLAT TRAJECTORY.~-An intermediate-

range or long-range air-breathing missile is

usually made to climb as quickly as possible
to the altitude at which its propulsion plant
operates most efficiently~somewhcre between
30,000 and 90,000 feet. " After reaching this
altitude the missile flies a flat trajectory to the
target area. The missile is made to climb
steeply to a desired altitude, level off, fly a flat
trajectory to the target area, then dive straight
down.

BALLISTIC TRAJECTORY.~-Polaris is
launched vertically, so that it can get through
the densest part of the atmosphere as soon as
possible. At a certain altitude, which may be
controlled by either preset or command guid-
ance, the missile turns to a more gradual
climb. After burnout, or shutdown of the pro-
pulsion system by radio command, the missile
‘‘coasts’’ along a ballistic trajectory to the
target. .

From launch to warhead detonation, long
range ballistic missiles follow a trajectory
approximating that shown in figure 2-24, sepa-
rating into three flight stages. Missilesthatare
launched vertically travel only a comparatively
short distance before turning to a slant angle.
If launched from under water, as the Polaris,
most of the vertical part of its flight path is
underwater. Powered flight continues until the
end of the second stage, when ballistic flight
begins. The distance to the target determines
the point at which it isnecessaryfor the missile
to go into the ballistic curve that will bring it
down on the target. Computations are made by
missile system computersbeforemissilefiring.

COMBINATION TRAJECTORY.-—A special
case is the trajectory of the Asroc weapon (fig.
2-25). It is fired from a launcher on a surface
ship and is boosted into the air by rocket thrust
(phase 1). After burnout of the rocket it goes

through the air in a ballistic trajectory (phase

2) until it strikes the watér surface. It falls

straight down through the waterfor a shorttime.
‘Then it begins hunting for the target (phase 3),

and homes on it (phase 4) when it has been
located. ’ '
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Figure 2-24.—Typical trajectory of an ICBM (Polarts).

The Subroc missile also follows a combina-
tion trajectory ‘through air and water, but it is
launched from submerged submarines.

PROPORTIONAL NAVIGATION COURSE.~
Propertional navigation is a homing guidance
techuique in which the missile turn rate is di-
ectly proportional to the turn rate in space of
tiii line of sight. The seeker tracks the target
semi-independently from the missile maneu-
vers. Lead angles and navigation ratios (N)ean
usually be chosen so thatthe missileacceleration
will exceed the target acceleration only slightly.

FACTORS AFFECTING
MISSILE TRAJECTORY

The principal factors affecting a missile’s
trajectory are, of course, the design of the
missile and its guidance system, which areman
made. Natural external forces affecting the
trajectory include " wind, gravity, magnetic

forces, and the coriolis effect. In the use of
any long-range missile, all of these mue't‘,be-

taken into account.

WIND.~All missiles fly through the atmos-

phere, either during their entire flight or at the

49 '

beginning and end of it. They are therefore
liable to be pushed off the desired course by
the force of the wind. The magnitude and
direction of the prevailing winds at vartous
points on the earth are well known. But the
prevailing winds are much modified by a num-
ber of factors such as local topography,
thermal updrafts due to local heating of the
earth’s surface, the distribution of high-
pressure and low-pressure air masses, and
storms and their assoctated turbulence. All
of these factors can be predicted to some ex-
tent, but: the -reliability of the prediction

decreases with both time and distance, For.

that reason, air-breathing missiles must be
provided with means for correcting any devia-
tion in. course that might result from un-
predicted winds. A ballistic missile may be
subject to correction as it rises through the
atmosphere. But it descends on its target at
such a speed that the effect of wind is unlikely
to produce a sertous error.

' GRAVITY.~A long-range missile using a

navigational guidance system mayusethedirec-
tion of the center of the earth asa reference.
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PHASE 2

3335333

15.115

Figure 2-25.—Trajectory of an Asroc missile.

It does so by using a pendulum, plumb bob, or
gsome similar device, to measure thedirectionof
the gravitational force. The measuring device
18 acted on by two forces: gravity, which tends
to pull it toward the center of the earth; and
centrifugal force, caused by the earth’s rota-
tion, acting at a right angle to the earth’s axis.
The direction indicated by the measuring device
is that of apparent gravity~the resultant of the
two forces. The motion of the missile itself.
will create additional forces that tend to disturb
the gravity-measuring device. Any missile
- guidance 8ystem that uses agravitational réfer-
ence must compensate for these disturbing
forces. :
MAGNETIC FORCES.~Some missiles may
use the strength or the direction of the carth’s
magnetic field as a reference for navigation.
Both strength and direction of the field vary
from point to point on the earth. In general,
these variations have been measuredand plotted.
But at any given point on the earth, the magnetic
field is subject to annual, monthly, and even

daily variations. "It 18 subject to nomperiodic - .
variations in. ‘‘magnetic stornis’ that result

_ from bursts of ions or electrons radiated from
the sun. Most of these variations are predict-
able with reasonable accuracy, and can betaken

lntoaccmmf in the missile guidance system.

!

The CORIOLIS FORCE must also be com-
pensated for. It is caused by the earth’s
rotation, and tends to deflect a missile to the
right in the northern hemisphere, and to the
left in the southern hemisphere. As the earth
turns on its axis, its surface moves toward the
east at a rate determined by latitude. At the
equator, the eartli’s surface is moving to the
east with a speed of more than 1000 mph; at
the poles, its speed is zero. . ,

Assume that a missile is launched directly
northward in the northern hemisphere. At the
instant of launching, it will be moving to the
east at the same rate as the surface from which
it is launched. But as it moves northward, it
flies over points whose eastward velocity is
less than its own. As a result it will be deflec-
ted eastward, or toward the right. Nowimagine
a missile fired southward in the northern
hemisphere. It will fly ovér points whose

eastward velocity is greater than its own. It-

‘will therefore be deflected :westward (still
to the right) with respect to the surface.
- The amount of deviation produced by the
coriolis force deperds on the latitude, length,
and direction of_the missile flight. Since it
can be accurately predicted, suitable carrec-
tions can be made by the missile guidance
system. -

0
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CHAPTER 3

COMPONENTS OF GUIDED MISSILES

INTRODUCTION

GENERAL

This chapter is intended to provide an over-
all view of a guided missile and its various
components. Most of the material in this
chapter is covered in more detail elsewhere
in this text. Airframes and control surfaces,

for example, were treated in chapter 2. Pro--

pulsion systems, control systems, and guidance
systems are each given one or more Separate
chapters. Their principal featureswill be briefly
summarized here. Warheads, (except nuclear)
which are not covered elsewhere in this text,
will be treated in some detail.

The principal components of aguided missile
are: :

WARHEAD.--The warhead may be designed
to inflict any of several possible kinds of dam-
age on.the enemy. The warhead is the reason
that the missile exists; the other components
are intended merely to ensure that the ‘warhead
will reach its destination.

AIRFRAME.~The airframe is the ‘physical
structure that carries the warheadtothe target,
and contains the propulsion, guidance, and con-
trol systems. , ' :

PROPULSION SYSTEM,-This system pro-
vides the energy required to move the missile
from the launcher to the target.

- CONTROL - SYSTEM.~The 'control system
has two. functions. It keeps the missile in
stable flight, and it.translates'the commands
of the guidance system into. motion of the con-
trol surfacés, or nto: some otlier means for
moditying the missile trajectory. S

GUIDANCE "SYSTEM.<iThis systein- detes-

mines: whether the', ‘missile is on the ordbred
trajectory of thié ordered veloeity, If the missile
18 off couras; the guidarice aystemn sends error

signals to the control system. - + =~ -

Figure 3-1 shows some typical locations of
‘components. The arrangement of the com-
ponents is not the same for all missiles. Most
modern missiles are made up of a missile as-
sembly (with all its components), and abooster,
the whole being called a complete round. Tartar
missile is an exception--it does not have a
separate booster.

AUXILIARY POWER SUPPLY. Allmissiles
must contain auxiliary power supply (APS) sys-
tems in addition to the main engine required for
thrust. The APS systems provide a source of
power for the many devices needed for success-
ful missile flight. Some APS systems rely on
the main combustion chamber as the initial
source of energy; others have their own energy

sources completely separate from the main
propulsion unit,

AIRFRAME
GENERAL

The term AIRFRAME has the same meaning
for guided missiles as ithasforthe conventional
airplane. It serves as a vehicle to carry all
the other parts of the missile, and it provides
the aerodynamic characteristics required for
successful flight. Research on airframes is a
major part of our missile -development effort.

8ince the guided missile is essentially a
one-shot weapon, its structure can be simpler
than that of a conventional aircraft. Missile
bodies are designed so that inner components

- are readily available for testing, removal, and

repair. The major components are mounted to
form indépendent units, ‘

Most modeérn missilesare made up of several
sections (fig. 3-2). “(Older mods do nothave this

-conistruction.) - Each section is a cylindrical

shell ‘machined from metal tubing rather than a

~ built<up structure  with internal bracing. Each

' S (O
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AIRFRAME

GUIDANCE (WARHE@

" PROPULSI }—co RO
FE/ \ L
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PROPULSION
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Figure 3-1.—Location of components in guided missiles:

144.12

A, Talos missile; B. Active homing missile.

1
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Figure 8-2.-Sectionalization of a missile.

shell contains one of the essential unitsor com-
ponents of the missile, such as the propulsion
system, the electronic control equipment, the
warhead, or the fuze assembly. . o

" Bectibnalized construction has. the advantage
of dtretigth with simpliéity, and also provides

:

ease in replacement and repair of the comipe-

nents, sincethe shellsare removableasseparate
units. The sections are joined by various.types
of confiéctions designed for. simplicity of opera-
tion. | Access ports are sometimes provided in
the .shélls, through which ddjustments can be

made prior to launching. Covers and access

doors are sealed to prevent moisture and dirt

from entering the missile. '
Basically, the missile is designed to carry

the warhead to the target. The size and weight
of the warhead must be accommodated by the

missile structure. The missile must be aslight

.and compact as possible, yet strong enough to

carry the warhead (and other components), and
withstand the forces to which it willbe subjected,
such as gravity, air (or water) pressure, winds,

heat, stresses of acceleration and deceleration,
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and other forces. For every pound of weight
saved in the missile structure, 1ess propulsion
energy is required. The weight and balance
relationships must be given careful considera-
tion. The initial location of the center of gravity
is of extreme tmportance. The center of gravity
can change during missile flight because of the
burning of the propellant, and separation of the
booster after burnout. These factorsand others
must be carefully included in the calculationsof
the missile designers to produce a structure
that will perform as expected.

BODY CONFIGURATION

The Navy missiles described and {llustrated
in chapter 1 show the rangeof body configuration
found in operational missiles. In general, the
design of the airframe is determined by per-
formance requirements. Earlytypesof missiles
were strikingly similar in appearance to a jet
tighter of gimilar performance, in the high sub-
sonic speed range. The wings, like those of
carrier atreraft, couldbe folded. Beforelaunch-
ing, the wings were extendedand locked in place.

Most modern missiles have wings that are
folded (Tartar) or removed (Terrier, Talos)
when gtowed, but the size, shape, and location
of the wings and fins have undergone extensive
changes for use at supersonic speeds. Newest
mods of Tartar (fig. 2-10) and Terrier have
dorsal fins, ' ) :

Terrier, Sidewinder; and Talos are typical
of present day airframes. In general, the air-
frame is a long, slender cylinder without wings.
Its tail fins provide weathercock stability. A
second set of fins, mounted near the center of
the missile or forward of the center, provide
additional stability. Control of the missile is
accomplished by pivoting one or more pairs of
fins, rather than by the use of conventional
ailerons, rudders, and elevators. Note that, as
in Terrier, the forward fins may be mounted at
45° angles to the horizontal and vertical.

The nose shape is* determined by other re-
requirements. The Terrier toge (not all mods)
18 long and slender,because that shape has been
found highty efficient at supersonic speeds. Side-
winder, although it travels at a comparable
speed, has a hemispherical tirget. This s
necessary because of the infrared sbeking
device located immediately
surface. '

behind the nose

- The nose of Talos contains the air intake
for the ramjet engine,

Talos {s, in effect, a double-walled tube. Its
central part is taken up by the ramjet engine.
All of itsother components— warhead, fuel tanks,
guidance and control systems-are crowded
within the space between the inner and outer
walls. (In one model, one of these components
is carried inside the central diffuser in the nose.)
The middle part of Terrier is taken up by a
chamber filled with solid rocket propellant. The
warhead, fuze, and the major partofthe guidance
and control systems, are located forward of the
fuel chamber. But a part of the guidance and
control system is located in the double-walled
cylinder that surrounds the exhaust duct at the
after end of the missile. Electric cables and
pneumatic lines to maintain communication
between the two parts of the guidance system
pass through covered channels along the out-
side of the missile.

Polaris, pictured in chapter 1, represents
still a third type of missile body configuration.
Note that there are no external control sur-
faces; any necessary changes in trajectory are
accomplished by jet deflection. Note also that
the nose is bluntly rounded. Its trajectory (fig.
2-24) takes it far beyondthe earth'satmosphere;
it descends on its target at a steepangle, and at
tremendous speed. As it re-enters the atmos-
phere, friction with the air Benerates a great
deal of heat. The Polaris nose cone shape and
construction have been determined by the re-
quirements of this problem. The materials for
the outer surface havebeen especially developed
to resist high temperature. Suitable insulation
is provided between the outer skin of the nose
cone and the internal components, to prevent
damage to the warhead. Advances intechnology
have permitted changing from the blunt nose of
earlier mods to the pointed nose of the A3,

The two configurations of Asroc (anti-
submarine rocket; s not aguided missile)differ
in size but each has four major assemblies: pay-
load (warhead), airframe, ignition and separation
assembly, and rocket motor. During the ballis-
tic flight (tig. 2-25) of the missile, the rocket
motor drops away when the required velocity is
reached, and the airframe drops away near the
end of ballistic flight, freeing the warhead to

-continue to targét intercept. The torpedo con-

figuration has a parachute which opens after the
rocket motor andthe airframe have droppedaway
and carries it to water entry. Both torpedo and
depth charge configurations have a nose cone

.57 :
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gtreamlined for aerodynamic flight but which
shatters upon water entry. Thedepth chargehas
fin extension tips on the fail fins. The extension
tips are sheared off upon water entry. The fin
extension tips provide aerodynamic stablility to
the depth charge from the time of airframe sep-
aration until water entry. Two of the fins are
plain fins and two are tee fins.

Because of the underwater-to-air-to-watéf
operational cycle of Subroc, its design had to
include the hydrodynamic qualities of a torpedo
and aerodynamic characteristics of a missile.
In size and shape it had to be made to fita
standard submarine torpedo tube, from which it
is fired.

PROPULSION SYSTEMS
GENERAL

Because chapter 4 is devoted to propulsion
systems, they will be covered verybriefly here.
The powerplants of guided missiles have been
referred to as “reaction engines.” But strictly
speaking, any engine designed to propel a vehicle
is a reaction engine.
accordance with Newton'sthird law, which states
that for every action there is an equal and op-
posite reaction. For example, the forcethatthe
tires of a car apply to the roadis opposed by an
equal and opposite force and it is this reaction
that drives the car forward. A propeller-driven
aircraft operates by increasing the momentum
of the air; the resulting reaction is applied to
the propeller and its shaft, and, througha thrust

bearing, to the airframe. As wehave pointed out .

earlier, speed requirements make it impossible
to use propeller-driven missiles. Because the
speed of the propeller tip exceeds the speed of
the airframe, the propeller tip enters the tran-
gonic zone while the aircraft speed is corgider-
ably below the speed of sound. In the transonic
zone, the thrust developedby the propeller drops
off rapidly, and a further increase in aircraft
speed becomes {mpracticable. Therefore, all
current guided missiles depend on some formof
jet propulsion.

TYPES OF JET PROPULSION SYSTEMS

v Populér terminology makes a diat!ﬁi‘:tion
between jéts and rockets: a jet takes in air
from the atmosphere, and propels itself forward
by increasing the momentum of the air;a rocket

All of them operate in_

" accomplished in experimental models.

. launching site.

needs no outside air supply, since it carries its
ownsource of oxygen. But this is a rather arbi-
trary distinction. Both types of engines operateby
expelling a stream of gas at high speed from a
nozzle at the after end of the vehicle. For our
purposes, a rocket canbeconsideredasa type of
jet engine.

The pulsejet, which propelled the German
V-1, was used by the Navy to propel an early
missile that is now obsolete. No current mis-
siles are driven by pulsejets. Talosis propelled
by a ramjet. The Navy used turbojets for its
Regulus I and II, and for the now obsolete
Petrel. Terrier, Sidewinder, and Polaris are
propelled by solid-fuel rockets. Tartar, too,
has a solid-propellant rocket motor, thoughitis
different from the others—it is a dual-thrust
rocket motor (DTRM), which develops both
booster and sustainer thrust, eliminating the
need for a separate booster and sustainer for
the missile.

Current developmentsappear toindicatethat,
until the advent of nuclear propulsion, most if
not all of our future missiles will be powered
by solid-fuel rockets. Research on nuclear
propulsion engines is being conducted for usein
spacecraft as well as in misgsiles.

Although liquid-fuel propulsionhasbeen con-
sidered too complicated for use in missiles, a
prepackaged and sealed liquid-fuel ergine de-
veloped for the Bullpup air-to-surface missile
has been highly successful in tests, For this
application, liquid-fuel propellant and a propel-
lant pressurizing medium are permanently
sealed in a tank which isintegral with the rocket
thrust chamber. An outstanding feature of this
engine is that it requires no shipboard tests or
checkoff prior to mounting on the aircraft nor
before launching. : :

The iiquid-fuel rocket is used in the Afr
Force Titan, and inthat application it has certain
advantages. Liquid fuel provides more energy
than an equivalent weight of solid fuel, and can
maintain a high thrust for a relatively long time.
A liquid-fuel propulsion system canbe shutdown
by radio command at any desired instant,
whereas a solid-fuel system presents complica-
tions, although shut-down and restart have been
The
liquid-fuel rocket must have a rather complex

. gystem of fuel and oxidizer lines and pumps, and

it requires relatively elaborate equipmentatthe
At present, a large missile

propelled by a liquid-fuel rocket requires a
lengthy * countdown’’ before firing. The last two
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factors make theliquid-fuel rocket impracticable
for ship-launched missiles.

The liquid-fueled Atlas, developed by the Air
Force as an ICBM, is being phased out for
missaile use and is being changed for space craft
use. It, too, requires a long countdown, which
reduces its value as a deterrent missile.

WARHEADS
GENERAL

The warhead is the reason-for-being of any
service guided missile; it may contain any of
a large number of destructive agents. This
versatility must not be confused with inter-
changeability, because the design of the mis-
sile and warhead must be thoroughly integrated.

The guided missile fuze may be defined as
that device which causes the warhead to detonate
in such a position that maximum damage willbe
inflicted on an average target. A fuze may be
any of several types, such as impact, time, or
proximity.

Guided missilesare precision-built weapons;
they are expensive in manpower, materials, and
money. The most accurate control andguidance
systems will be of little value if the warhead
cannot produce enough lethal effect at the right
time to destroy or at least cripple the target.
The warhead problem must be solved for each
type of missile, to permit final crystalizationof
any integrated missile plan.

The ultimate aims and desires of weapon-
makers have always been to strengthen the
“arm” of the user. The rock in the hand of
primitive man added strength and distance to
the blows that he could deliver; the bow and
arrow greatly multiplied man's effective striking
distance; and the rifle and cannonhave progres-
sively increased the strength and range of his
striking power. Guided migsiles are a new
means for lengthening the arm of the user. But
the striking effect depends on the nature of the
warhead and on how accurately it can be delivered
to the intended target. The warhead of a guided
missile is its payload, and justification for
employment of the missile lies in its ability to
deliver its payload to-the target. :

A guided missfle may carry one of the var-
ious types of warheads, and one or more fizes..

Missile warheads intended for use against ships -
or land targets present design problems similar .

to those of older. weapons, - ‘Surface-to-air

missiles present a somewhat different problem,
The effective radius of damage from a high-
explosive warhead in the air depends on the
type, shape, and size of the charge, and on the
nature of the target itself.

The designer of the payload for any type of
military weapon is faced with a npumber of
variables, some of which are unpredictable.
For example, in the design of an antiaircraft
missile, he must consider the following factors:

1. Altitude affects the lethal radius of a
fragmentation warhead; the fragments main-
tain a lethal velocity through a greater distance
at high altitudes.

2. The relative velocity of target and mis-
sile has a direct bearing on the optimum angle
of ejection of fragments. The designer must
determine the angle at which the greatest mass
of fragments should be ejected. The timing
sequence of fuze operation, as well as the
guidance system of the missile, must function
with great precision if the target is to be
destroyed. The fuze must be both sensitive
and fast to ensure success against high-speed
aircraft or supersonic missiles. '

3. The armor of the target, if any, influ-
ences the design specifications for fragment
size and velocity. Fragments that are effective
against conventional aircraft of today may
be too light or too slow to penetrate the protec-
tive covering of the airplanes or missiles of the
future.

The multiplicity of types of ground targets
has led to the development of numerous types
of lethal devices—~from hand grenades tohydro-
gen bombs. A 500-pound bomb may be armor-
ptercing, semi-armor-piercing, or general-
purpose. It maybe equipped withan impact fuze,
a time fuge, a proximity fuze, or a combination
of these types.

The type of target is the most influential
factor in warhead design. A fragmentation-type
warhead might be effective against conventional
aircraft, or against misstles of moderate Speed.
But a missile intended for use against a whole
fleet of attacking bombers, a city, or against a
high-speed ballistic missile, would require an
entirely different type of warhead. Because of
the wide variety in types of surface targets, it
is necessary to have missiles that can use sev-
eral types of warheads interchangeably, or to
develop a whole famtily of missiles.

. The third component of the warhead, the
safety and arming device (S&A), is of critical
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importance with nuclear warheads. The S&A
device must prevent accidental detonation and
must initiate detonation at the moment desired.
In nuclear warheads there are several devices
to prevent accidental or premature detonation.

TYPES OF WARHEADS

The types of warheads that might be used with
guided missiles include: external blast, frag-
mentation, shaped-charge, explosive-pellet,
chemical, biological, nuclear, continuous rod,
clustered, thermal, illuminating, psychological,
exercise, and dummy. Those that are intended
for use against an enemy are not true warheads
within the definition of warhead, and areusually
referred to as heads, such as exercise heads.
Some types of warheads will be discussed ina
classified course, Navy Missile Systems, Nav-
Pers 10785-A.

BLAST-EFFECT WARHEAD. The blast |

effect warhead consists of a quantity of high-
explosive material in a metallic case. The
force of the explosion sets up a pressure wave
in the air or other surrounding medium; the
pressure wave causes damage to the target.
This type of warhead is most effective against
underwater targets, because water is incom-
pressible, and relatively dense. Torpedo war
heads are of this type. Blast-effect warheads
have been used successfully against small
ground targets. They are considerably less
effective against aerial targets because the
density of the air, and therefore the severity
of the shock wave, decreases with altitude.
FRAGMENTATION WARHEAD. The frag-
mentation warhead uses the force of a high-
explosive charge to break up the warhead
casing into a number of fragments, and to
propel them with enough velocity to destroy or
damage the target. The size and velocity of
the fragments, and the pattern in which they
are dispersed, can be-controlled by variation
in the design and construction of the warhead.
The velocity of the fragments depends on the
type and amount of explosive used, and on the
ratio of explosive-to-fragment weight. The
average size of fragments depends on the
shape, size, ‘and brittleness of the warhead

casing, and on the quantity and type of exglo- .
give. Greater uniformity in fragment size can .

be achieved by scoring or otherwise weakening
the casing in:a regular pattern, as shown ‘in
ﬁ'gure 8.3, - . o S

The damage produced by a fragmentation
warhead depends (in part) onthe amountof metal
available to form fragments, and on the amount
of explosive available for breaking the casing
and propelling the fragments. Aerial targets
are more susceptible to damage by fragments
if. the warhead explodes a short distance away,
rather than in contact with the target. Against
a partially protected surface target, a frag-
mentation warhead is most effective when ex-
ploded in the air above the target, rather than
on the ground. Figure 3-4 shows this effect.
Fragments from theairburststrike thepartially
protected target and the entrenched personnel.

A fragmentation warhead can have a greater
miss distance than a blast warhead and still
remain effective. The pattern of fragmentation
also makes a difference in effectiveness, as
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Figure 3-3.—~Basic construction of a
fragmentation warhead.

. : 144.14
Figure 3-4.—~Effect of fragmentation warhead
o on surface target.
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does the velocity. The payload can be designed
.l to “propagate” its energy and matertal! in all
directions. This is called isotropic propaga-
tion (fig. 3-5B). When the payload is designed
’, so that more fragments or energy are released
in one direction than another, the propagation
pattern is called nonisotropic (tig. 3-5A), It is
more effective than an isotropic payload of the
Ssame size and weight if you know where to aiim
it. This directing of the explosion is the basis
of the shaped charge effectiveness. A largepart
of the warhead's explostve energy is directed
to the target tn a narrow beam.

- —,

SCORING OF

Advanced Types of Fragmentation WARHEAD BODY
Warheads 144.16

Figure 3-6.~Controlled fragmentation warhead.

A knowledge of fragmentation propagation is
a basic requisite in designing many types of _
warheads. Theories are checked out with the the charge-to-mass ratio ofthe missile, the type
use of scaled models, using different types of of explosive used, and the shapeof the fragments.
explosives, and varied missile shapesandcasing Test firings have substantiated the value of the
i thicknesses. These studies have resulted inthe controlled designs. One type of controlled frag-
l development of warheads with controlled size, mentation warhead is shown in figure 3-6. Var-
shape, number, and initial velocity of fragments. ious shapes and sizes of fragments have been
The initial velocity of the fragments depends on . tested for different types of targets. The most
effective types have been adapted for some

missile warheads. -

Shaped-Charge Warhead

A shaped charge consists of a casing and a
quantity of high explosive. The explosive is so
shaped that the force of the blast it produces is ¢
largely concentrated in a single direction, Asa ;
result, a shaped charge has high penetrating i
power. It is widely used against armored sur- i
face targets. For example, the antitank bazooka i
used during World War II and in Korea used a
shaped charge.

Figure 3-7 shows how the shape of the
charge affects the penetrating ability of the
blast. All three of the charges shown in the
figure have the same weight and type of explo-
sive. The flat charge at the left produces an
explosive force rather evenly distributed overa
given area of the target; this charge produces
little penetration. The shallow-cone shapeof the

. middle charge produces a greater concentration
of the explosive force, and penetration of the
target 18 deeper. The deep-cone shape at the
right has concentrated the explosive force soas

: 144.18 to penetrate the target armor. Metallic frag-

Figure 3-5.—Payload propagation: « . - ments of the armor can now reach the interior
A. Nonisotropic; B. Isotropic. ‘ of the target, and do additional damage. !
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Figure 3-7.—Penetration effectiveness of various shaped chafges. 33.9

In the explosion of a shaped charge, a beam
of very hot gas (called the jet) is ejected at an
extremely high velocity. If the cavity is lined
with some material that canbebroken into small
pleces or can be melted by the explosion, the
efficiency of the charge is greatly increased.
The small particles of the liner are carried by
the jet, which is thus increased in weight. Asa
result it can penetrate‘a thick target. .

When used in guided missile warheads,
shaped-charge explosives have possibilities of
great effectiveness against both aircraft and
heavily armored surface targets.

Explosive-Pellet Warhead

An explosive-pellet warhead consists of a
group of separately fuzed explosive pellets
housed in a casing. The ¢asing contains an
additional quantity of explosive to eject the
peliets from the main warhead casing. The
pellets ' themselves do not explode until they

contact or penetrate the target. If the target is

an aircraft or missile, maximum destruction
can be accomplished when . the pellets are
detonated after penetrating the outer skin of
the target. Each peliet contributes both blast
effect and high-velocity metallic fragmenits ¥hen
detonation occurs. ' . o

. The_explosive-pellet is an ideal weapon for
use against aerial targets. Its full development
is dependent upon perfecting a fugze for the

individuul charges that can withstand the initial
blast of the principal warhead while still ensur-
ing explosion at or within the target.

Chemical Warheads

A chemical warhead is designed to eject
poisonous or corrosive substances and thus
produce personnel casualties, or to destroy
combustible targets by the use of incendiary
materials. Warheads containing gases may
liberate any of the well-known types such as
mustard gas, lewisite, or some newlydeveloped
chemical, The effectsproducedare either denial
of the use of the target area or personnel
casualties witliin the area. Missiles equipped
with chemical warheads also serve as possible
counterthreats to initiation of gas warfare by
the enemy. It is likely that quantities of
poisonous war gases are included in thearsenal
of every major power, and the possibility of
their use remains a threat., However, the cer-
tainty of retaliation in kind has gserved as a
deterrent since World War I.

A variety of disabling gases have been devel-
oped, There gases temporarily inactivate mili-

tary and/or civilian personnel by a variety of

effects, without death or permanent disability.

' The possibilities of these agents have been ex-

ploredin researchand tests and some have been
used in riot situations.

The incendiary warhead contains a material
that burns violently and isdifficultto extinguish.
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Chemical weapons are useful principallyagainst
ground targets, but may alsobe effectiveagainst
aerial targets that contain combustible mate-
rials. Incendiary materials suitable for use in
warheads include magnesium, jellied ofl or
gasoline, and phosphorous. Incendiary warheads
are also referred to as thermal or fire war-
heads.

Biological Warheads

A blological warhead contains bacteria or
other living organisms can:ble of causing sick-
ness.or death. The biological agent can be
specifically chosen for use against personnel,
livestock, or crops. Antipersonnel agents might
be chosen to cause either temporary disability
or death, depending on the objectives of the
attacker. An explosive charge placed in a
biological warhead would ensure ejection and
initial dispersion of the biological agents. Spe-
cial attention must be given to the design and
construction of biological warheads, in order
that the bacteria or other agent will remain
alive, and be carried to the target under the
most favorable conditions. '

Probably every major nation has an arsenal
of biological material to use in ‘‘germ warfare”
in such a variety of ways that it would tax the
imagination of the average person. Use of ‘‘germ
warfare’’ has been restrained, as in the case of
chemical warfare, for fear of retaliation in kind,

Other Special Purpose Warheads

Several other special types of warheads may
be used. These include: radiation, {llumtnation,
psychological, exercise, and dummy warheads.

RADIATION warheads may use radiological
material in the same manner as chemical or
biological agents, scattering the radioactive
material according to plan. The possibilities
and ramifications of this type of warfare will
not be explored further here.

ILLUMINATING warheads have long been
used in projectiles during night attacks to point
out or silhouette enemy fortifications. Thishas
been especially ugeful during shore bombard-
ment. Illuminating warheids are algo used in
aircraft bombs and rockets to assist in the
attack of ground targets and submarines. No

- application has been made in guided missiles.

PSYCHOLOGICAL . warheads do not carry
lethal or destructive agents, but carry material
designed to create a psychological effect on the
enemy rather than actual physical damage. Pay-
loads may be propaganda leaflets, mysterious
objects that appear dangerous, inert or dummy
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warheads. Decoy warheads may carry “ window, ”
which causes false radar echoes, or noise-
makers to confuse sonar operators of antisub-
marine ships.

A DUMMY warhead has only the outward
appearance, the size, shape, and welght of a
real warhead. It is used intrainingand practice
operations.

EXERCISE or training warheads do not
contain any explosive material but otherwise
contain the parts of a real warhead, so they can
be assembled, disassembled, tested for elec-
trical continuity, and otherwise used for training
exercises.

The ASROC (Rocket Thrown Torpedo) usesa
torpedo for its warhead.

Nuclear and Thermonuclear Warheads

A number of present day guided missiles
are equipped with nuclear or thermonuclear
warheads. The blast effects and radiation
effects which result from the detonation of these
warheads cause immediate physical damage to
a large target area, and sickness and death to
personnel a considerable distance from the
explosion. The blast effects are, of course,
many times greater than those effected by the
detonation of conventional explostves. After
effects caused by the settling or fallout or
radioactive material can result in sickness and
death of personnel at great distances from the
explosion, depending on wind and other atmos-
pheric conditions.

The development of tactical nuclear weapons
with varied methods of delivery makes obsolete
the concept that nuclear weapons are used only
to devastate whole cities or metropolitanareas.
We gtill have the large bombs and missiles to
do the strategic job, but we also have the much
Smaller weapons to gain tactical objectives.

FUZES

A fuze is a device that initiatesthe explosion
of-the warhead. Ina guided missile the fuze may
Or may not be a physical part of the warhead.
In any case, it is essential to proper warhead
operation. A large variety of fuze types is
available. The fuze type for a given application
depends on characteristics of the target, the
missile, and the warhead. To ensurethe highest -
probability of lethal damage to the target, fuze
design must be based on the location, vulner-
ability, speed, size, and physical structure of
the target. ' :
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Impact Fuze

Impact fuzes are actuated by the inertial
force that occurs when a missile strikes a
target. Figure 3-8isa schematic representa-
tion of an impact fuze and the explostves it sets
off in the warhead. As shown in the left-hand
diagram (fig. 3-8A), a charge of sensitive ex-
plosive is contained in the forward end of the
fuze; a movable plunger is mounted in the after
end, where. it is held in place by a spring or
other suitable device. (The booster and main
charge are not part of the fuze.)

During the flight of the missile, the plunger
remains in the after end of the fuze. When the
" missile strikes the target, it decelerates sud-
denly, and the inertia of the plunger carries it
forward. As shown in the right-hand diagram,
figure 3-8B, the plunger strikes the shock-
sensitive priming mixture anddetonatesit. This
charge in turn detonates the booster charge
which detonates the main bursting charge of the
warhead (fig. 3-0A). A time delay element is

gsometimes used in conjunction with an impact -

" fuze, so that the warhead can penetrate the tar-
get before detonation (fig. 3-8B).

An impact fuze may be used in conjuncttion
with a fuze of another type, such as a proximity
fuze. If the proximity fuze fails to operate as

the missile approaches the target (fig. 3-8C),
the impact fuze will still function on contact.
This combination of fuzes has been used chiefly
on air-dropped bombs. The Sidewinder and
Sparrow also use such a combination. '

Time-Delay Fuze

Time delay fuzes are used in some types of
gun projectiles. This fuze is designed to deto-
nate the warhead when a predetermined time
has elapsed after firing or launching. One type
of time-delay element consists of a burning
powder train; another uses a clocklike mechan-
ism. In either type, the time interval cannot be
changed after launching. For thatreason, preset
time-delay fuzes are unlikely tobeused inguided
missile warheads. Preset time-delay fuzescan
be used for stationary targets. With a moving
target, especially a fast moving one like a mis-
sile or aircraft, the time delay would be in
error most of the time. If the delay problem
is considered one of distance rather than time,
the fuze can be placed at the rear of the war-
head, and the desired result could be obtained
as the warhead would penetrate the target be-
fore the fuze could function. Such fuzes are
usually used for armor-piercing projectiles,
and antitank missiles.
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IMPACT FUZE

IMPACT FUZE WITH
TIME DELAY ELEMENT

\

Y. T. OR
PROXIMITY FuZE

Figure 3-9.—Influence of fuz
warhead detonation: A,
delay impact fuze; . C, Proximity fuge.

14447 -
e type on point of °
Impact fuze; B. Time-*

Proximity Fuzes

Proximity fuzes are oftencalled VT (variable
time) fuzes. They are actuated by some char-
acteristic feature of the targetorthe targetarea
(tig. 3-9C). Several types of proximity fuzes are
posstible; for example; photoelectr:c, acoustic,
pressure, radio, radar, or electrostatic. Each
of these types could be preset to function when
the intensity of the target characteristic to
which it is sensitive reaches a certain magni-
tude.

Proximity fuzes are designed so that the
warhead burst pattern will occur at the most
effective time and location relative to thetarget.
Designing the fuze to produce an optimum burst
pattern is not easy, since the most destrable
pattern depends largely on the relative Speed of
missile and target. If targets with widely vary-
ing speeds are to be attacked, it might b pos-
sible to adjust the fuze sensitivity for ‘ae speed
of the individual target, as predicted by u con;-
puter. Proximity fuzes activate the warhead
detonating system after integrating' two factors:
the distance to the target, and the rate at which
the range is closing. :

Since a.proximity fuze operates on the basis
of information recetived from the target, it s
subject to jamming by false information. This
is one of the important problems in proximity
fuze design. The fuzes are designed for the
maximum resistance to countermeasures.con-
sistent with other requirements. If the fuze i8
made inoperative by jamming, the missile cannot
damage the target unless it 8cores a direct hit.
A more serious possibility is that jamming,
instead of making the fuze inoperable, might
cause premature detonation of the warhead
before the missile came within lethal range of
the target. Some counter-countermeasures
(CCM) have been devised to counteract or by-
pass the effects of enemy countermeasures.

Atthough any of the effects listed above~—
photoelectric, acoustic, pressure, electromag-
netic (radio, radar), or electrostatic—can be
used as the basis for proximity fuze action, and

- although all of them have been used at least

experimentally, it has been found in practice
that the radio proximity fuze is more effective
than any of the others. This fuze transmits
high-frequency radio waves, whichare reflected
from the target as the missile’'approaches it,
Because of the relative motion of missile and
target, the reflected signal, as receiveéd at the

el
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missile, is of a higher frequency thanthetrans-
mitted signal. The two signals, when mixed,
will generate a Doppler frequency, the amplitude
of which is a function of target distance. When
this s:aplitude reaches a predetermined level,
the fuze functions and detonates the warhead.
A 1290 fuze uses signals of a lower frequency
tharn 2 racar fuze.

4COUSTIC systemi {actuatedby sound waves
fron. the taiget) are obsolete because of the
spaed of present day missiles, which outrun
sound. Acoustical sensors are still used to
activate mines and torpedoes. A diaphragm
tvpa mechanism vibrates when sound. waves
wrder water strike it, exerting pressure on an
fiternal crystal that sets off the mine. The
acoustic fuze must react only to specific sounds,
not ‘o all sounds. The need for sensitive hut
selutive acoustic fuzes is one «f the reacns
for the Ne'vy studies on sovnds made by 2% und
sea mammais.

MAGNETIC ficluciion mines can be set oif
by the magnetic field of an a;iproaching ship, but
this system is not used in gu'ded missiles.
Magnetostatic fuzing is aleo ursdfor subsurface
targets, bw. its use in air systums isstill in the
develcpmental stage. The magnetic fivld that
surrounds the ¢arth, and the wuvlatior: in the
_earth's magnetipui. ctlled indu .2t magnetism,
are the forces uvsed in magnetostatic fuzing.

ELEC TROMAGNETIC fuzes may operate
with radio, radar (microwave), infrared, or
ultraviolet waves.
must have a transmitter-receiver, amplifying
circuitry to amplify the return signal so it will
activate the detonator, electrical safety devices
to prevent premature detonation, anc! a power
supply to generate and provide electrical power
to the fuze. ‘ .

" ELECTROSTATIC fuzir:chas applicationover
short distances. It may use active, semiactive,
passive, or-‘semipassive modes of operation.
Atr targets become electrostatically chargedas
they pass through the atmosphere, but water
vapor or rain dissipates much of the charge,
which poses a problem for the fuze. .

HYDROSTATIC fuzes are operated by the
pressure variations in tlie ocean as caused by
the passing of a ship or submarine. To avoid
premature . firing by natural wave action,
pressure-firing mechanisms. are designed so
they. will not be affected by_ such motion {f e
water. Pregsure-firing mechanismsare seldom
used alone, butaregenerally comb:~ ed with other
influence-fired devices, A -hydrosiatic fuze nzay

The basic proximity fuze -

L s
also be called an AMBIENT fuze, that is, a fuze
acted upon by the environment of the target,
rather than by the target itself.

AMBIENT type fuzes might be used against
stationary ground targets but they could not re-
act swiftly enough to follow the almost in-
stantaneous changes of altitude that a missile
or modern aircraft could undergo. Also, a
target could be thousands of miles from the
launching point of the missile and it would be
extremely difficult to know thebestair pressure
value to set into the fuze for detonation.

PHOTOELECTRIC fuzes react to sxternal

_ light oources and ordinarily are inop srable in

conditions of low visibility.

Ground-Control’ed Fuzas

In giouud- or ship-controlled fuzes, some -

device is employed to measure the distance
from missile to target. The control device is
not ‘mounted in the fuze, but at some remote
control point. When the proper distance exists
between missile and target, a signalis sen’ from
the control point to pause detonation of the war-
head, 7:.r method is most often used ith
.waciear warheads. Our missiles in silos (Min-
uteman, for example) are ground controlled.
Studics are underway to make possible control
from the air.

Design Considerations

A fuze must be reliable, accurate, and safe.
It raust be safe for the men who must hancle it
and also safe against countermeasures by the
enemy. At the same time, it must be sensitive
enough to detonate upon signal. To increasethe
probability of an opti:aum detonatisn, the weapon
designer may put in duplicate :ystems (re-
dundancy), or he may havé two t;pes of fuzes,
go that if one fails there is anotiier. The many
variales that must be consideced in designing
a fuze for a guided missile mike it a difficult
and complicated problem reqiring constant
ghuly and capecizaentation. to make improve-
merts. . ‘

SAFETY AND ARMING.—Each fuze has a
gafety and arming (S&A) device to control the
detonation of the payload, so there will not be a
premature detonation nor a dud, While this is
important for all weapons, it is especially 8o
for miclesr warheads. Redundancy is used to

_endure arming at the proper instant and safety

at a other times.  The safety device shown
& figure 3-10 is a physical barrier between

R
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Figure 3-10,—~Schematic of typical explosive train with safety device.

the sensitive and insensitive segments of the
explosive train. This physical barrier is not
removed until armed status is required. It is
usually of metal and acts as a fuze might. The
purpose of this barrier is to prevent detonation
of the large segments of insensitive explosive
if the tuze is unintentionally activated.

. The safety devices included in the S&A are
designed to prevent accidental activation. The
purpose of the primary safety mechanism is
- for safe functioning of themisstle; the secondary

safety device is mainly for the purpose of over-
coming countermeasures. This 18 becoming
increasingly complex. . ‘

Since the arming device is actuated by a
specific signal, such as the radar waves from
a target, the countermeasure may supply a false
target signal. By launching a decoy, or by some
other method the enemy may deceivethearming
device. The safety device must prevent arming
by the false signal. As mentionedbefore, this is
a complex problem which requires 'éons'tant
study. A further complication is the fact that
the S&A device cannot be given a complete test,

for to-do 80 would destroy the 5&A in most

o INSENSITIVE EXPLOSIVES ~————u]
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cases. This is too costly. Instead, redundancy
is used in both safety and in arming devices to
. achieve a high reliability.

FUZE POSITION IN WARHEAD.-In gen-
eral, fuzes may be classified as NOSE FUZES,
located in the nose of the warhead, or BASE
FUZES, located at its,after end. The fuze or com-
bination of fuzes to be used, and their 1ocation
in the warhead, depend on the mission at hand
and the effect desired. Proximity fuzes are
always in the nose of the missile.

SIGNAL AMPLIFICATION.—The signal re-
ceived from the target may need to be amplified
to be of sufficient strength to be read by the
fuze. The type of amplifier used dependson the
signals received by the target detection device
(TDD), whether they are infrared rays from the
target, radar waves, or.audio signals.

The fuze booster amplifies the detonation
signal sent by the fuze. The amount of explosive

. -in the fuge itself is very small but very sensitive.

The fuze booster is larger and less Bensitive;
it multiplies the strength of the fuze signal and
initiates the detonation in the'-next‘portipq ofthe

.explosive train.
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TELEMETERING SYSTEMS
THE NEED FOR TELEMETERING

When any complex device or systemis under
development, it must be given an exhaustive se-
ries of tests which will reveal its operating
characteristics and serve as a basis for its
tactical evaluation. With most devices and sys-
tems, conditions are such that humanobservers
can study these characteristics close athandand
measure numerous quantities while the device
or system is in actual operation. For example,

a new airplane is repeatedly flown under varying.

conditions by a skilled test pilot. Each flight
provides first hand information to the pilot, as
well as information derived from specialized
recording instruments carried in the plane.
Should the plane crash, with the loss of the
pilot and. recording equipment, the cause of
failure may never be determined.

The problems encountered ‘in missile de-
velopment are greater thanthose met inairplane
development since the missile cannot be flight-

" tested by a human pilot. Inmost cases a missile

is lost forever shortly after launching-~being
reduced to. junk on striking the surface of the
earth; or falling into the sea. i

The test versions of Regulus were designed
for intact recovery after test flights, and re-
cording: equipment to indicate the second-by-
second performance of missile components could
be carried within the missile itself. But most
missiles are nonrecoverable.. Telemetering
equipment 18 therefore essential to an evalua-
tion of component and system performance,
and to indicate the cause of component failure.
~As you know, guided missiles are subjectedto
a series of rigid systems tests on the ground
during and after their development.  However,
the results obtained on the ground may be very
different from those obtained from a missile in
flight. Temperatures, pressures, andaccelera-
tions encountered 'in flight may significantly
change the operation of the missile.: Electronic
and other types of ¢bnttol"sys_temj,equipm’ent may
react very.differently under the stress of flight

conditions than they do on' the ground. For

these .reasons, certain flight-test methods have
been -developed - to- provide ground personnel

with an'accurate basis for determining in-flight

performance. '

.- These '-ﬂight-tae'é.tihg"met»l;odsrrely oh a pro-

. cess called. TELEMETERING, The word “tele- -
' meter” is of Greek origin and means ““meas-

urement from a distance.” In actual
telemetering practice, the measurements are
done by various equipments in the missile while
it ts in flight. These measurements are then
transmitted to a ground station by electronic

. means and analyzed partly during the flight and

partly after the flight. This telemetering
permits the measurement and study of missile

component performance from a remote point.

PHOTOGRAPHIC RECORDS

Photographic or other recordings made in
the missile itself are not considered telemeter-

. ing, because there 18 no great distance between

the measuring and the recording instruments.

One basic exception is visual measuring
(sometimes referred to as external telemeter-
ing) that is done at remote stations rather than
in the missile. An example istheuse of cameras
(at the launch site or other points) which are
used to photograph the missile'sflight. One such

camera, the THEODOLITE camera, takes pic- .

tures of the missile in flight, and, at the same
time, continuously records the azimuth and
elevation of the camera, as well as the time at
which each frame is exposed. By using two or
more of these cameras and a triangulation
process, a missile's range, bearing, altitude,
and velocity can be computed for any instant-of
flight. This data can then be plottedto show the
missile's flight path. Other information, suchas
missile flight attitude, control surface move-
ments, target intercepts, and any breaking up of
the missilé due to malfunction, can also be ob-
tained from the pictures. The information ob-
tained from- visual recordings is, of course,
limited by the quality of the camera (resolving
power, etc.), the weather, and the range of the
missile.  Although visual recording data is
very valuable in-missile development and flight
testing, it is limited tooverall missileperform-
ance and therefore cannot show the internal

operation of the missile components.

An instrument panel observed through a
television camera constitutes a form of tele-
‘metering with a large number of channels, in

.which quantitative information is made imme-

diately available for observation and recording.
RADIO TELEMETERING

" Telemetering of data relating to the mis-
s_lle's internal operation is accomplished by.the

R A 3 ' -
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use of a radio 1link, Radiotelemeteringhas been
in use since the mid-thirties, especially for
transmitting weather data gathered by balloon-
supported instruments. This data is emitted to
remote stations by radio transmitters. The
principal element of -this kind of equipment is
called RADIOSONDE, and is still one of the
aerographer's most {mportant weather-
predicting devices. Suspended from weather
balloons, radiosondes provide weather infor-
mation by sampling the readings of various
meteorological instruments in sequence. Re-
ststance values arecausedto vary withhumidity,
temperature, etc. This variation in turn causes
modulation of thetransmitter carrier frequency.

A simple telemetering system might meas-
ure only “yes-no” information such as whether
or not the fuze is armed at any given instant.
This type of system tells an observer when an
event has taken place. A usual method is to
change an audio modulation frequency each time
an event takes place. The frequency change
‘gives evidence that the transmitter was working
both before and after each successive event.
In such a transmitter no rigid demands are
made on the stability of the audio frequency,
or upon its waveform, .

Missile radio telemetering systems (includ-
ing ground equipment) are usually designed to
carry out the following major processes:

1. Observation of missile functions.

2. Conversion of the measured quantities
into electrical signals. ‘

3. Transmission of the signals from the
missile to a recetving station.

The receiving station performs the following
functions: .

1. Receives the transmitted signals,

2. Decodes the signals. ,

3. Displays various data in visual form.

4. Records information permanently for fu-
ture .uge. '

The requirement that the telemetering sys-
tem accurately transmit a large amount of data
in a short period of time has resulted in the
development of very reliable radio telemetering
systems which employ MULTIPLEXING to pro-
vide the necessary number of data channels.

TELEMETERING REQUIREMENTS

Guided missiles present their own peduliar.
problems, caused by limited space, high launch-
ing acceleration, high speed, and thevaried
- lumerous measurements required. R

- . K e
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A great deal of information is needed dur-
ing the various stages of a missile test or
development program, on such subjects as
launching performance, flight data, and oper-
ation of the control and guidance systems.
Data measured by the telemetering systems

. of guided missiles include (1) changes of atti-
tude in roll, pitch, and yaw; (2) flight data such
as air speed and altitude; (3) missile accelera-
tion during launching or maneuvering; (4) am-
bient conditions of temperature, humidity, and
pressure; (5) structural information such as
vibration and strain; (68) control functions,
Such as operation of the control receiver, auto-
pilot operatton, servo operation, displacements
of control surfaces, and operation of the homing
or other target-seeking equipment; (7) pro-
pulsion information, including fuel flow and
thrust, temperatures and pressures in the
rocket assembly; (8) ordnance functions suchas
fuze arming time; (9) upper-air research data,
such as sampling for cosmic radiation; (10) the
performance of the electric, hydraulic , and pneu-
matic systems; and (11) information on theper-
formance of the telemetering equipment itself,
including reference voltages for calibration and
time marks, to permit synchronizing recordings

. a8 recetved by several different receivers lo-

cated along the flight path.

~ Many of these measurements are inter-
related. Some of them require a high order
of time resolution, especially as the speed of
the missile increases. For others, a few
samplings per second are adequate. A tele-
metering system must be capable of transmitting
large amounts of varied data each ‘second.
With so much information to be handled, a
multi-channel system 1is plainly indicated,
because a single commutated channel would not
give sufficient time resolution.

. The missile-borne telemetering equipment
must_meet certain design specifications which
include: .

1. Being sufficiently light in weight so the
flight characteristics .of the missile will not be
affected. :

2. Being rugged. enough to withstand the

-severe forces, pressures, and temperatures
encountered during missile flight.

3. Being small enough to permit ease of
installation. o

4. Being expendable. :

5. Being reliable enough to ensure that the
quantities being measured are faithfully trans-
mitted to the receiving station. Because most
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missiles are fired only once, the telemetering
must be reliable or a sizable expenditure of
time and money will be wasted. Accuracy, sta-
bility, and simplicity are imperative. Because
of these requirements, telemetering personnel
check their calibration work just prior to

"launching. Launching subjects the missile-

borne telemetering equipment to severe con-

" ditions of acceleration, vibration, and some-

times condensation. For example, when a mis-
sile is launched at high altitude from a parent
plane, its parts may be cold. When the missile
reaches a lower altitude, the condensation
that takes place may impair operation of the
telemetering equipment. .

The missile may roll, or it may be thrown
into a climb or dive, and through all these
gyrations the telemetering equipment must con-
tinue to function. A directional antenna may
cause the signal to be lost entirely, long
with valuable information, at a critical time;
such an antenna requires a number of data-
receiving stations to ensure continuous recep-
tion. The pattern of the antenna on the missile
should be such that reception is not impaired
by changes in missile attitude. The antenna
should be designed for minimum aerodynamic
drag; with supersonic missiles, this require-
ment is particularly important. Nose probes
or an insulated section of the missile nose are
sometimes used as radiating surfaces. In
some missiles, a part of the airframe itself
is excited by a feedline and serves as a trans-
mitting antenna. ’ -

As in any system of measurement, the te-
lemetering system should neither impair the
operation of the equipment it monitors, nor
exert an undue influence on the quantities it
measures. In small missiles, the distribution
of telemetering instruments must be so ar-
ranged that the center of gravity remains un-
disturbed.

COMPONENTS OF A
TELEMETERING SYSTEM

The nature of the telemetering installation
is determined. by the requirements of the par-
ticular test, and the exact functions to be te-
lemetered for each flight must be cargfully

.chosen. For example, a small number of .-
functions may be studied with great precision, -

rather than a larger number of functions ona
time-sharing basis. Such' a ‘selection might

also result in a saving in the time required
for missile instrumentation.

Missile telemetering systems in general
consist of the components shown in figure 3-11.
The END INSTRUMENTS located in the missile
measure the desired quantities, and produce

" corresponding data signal voltages whichareled

to a bank of subcarrier oscillators. Here the
data signals frequency-modulate theoscillators.
The resulting signals are combined toproducea
single complex signal which is then impressed
on a v-h-f carrier signal and transmitted by the
missile telemetering antenna. At the remote
receiviig station, the transmitted signal is
received and eventually broken down into its
components, permanently recorded, and
analyzed.

End Instruments

The end instruments are the sensingdevices
which are carried in the missile to observe the
components on which information is to be tele-
metered.

End instruments that are common to all
systems fall into two classes: PICKOFFS and

TRANSDUCERS. (Transducers are Sometimes

referred to as pickups.) In telemetering par-
lance, the term ‘‘pickoff” is usually reserved
for devices which collect data in electrical form
and relay that data in electrical form.

The term ‘‘transducer’’ generally is re-

gserved for the devic esthatconvert nonelectrical
indications--for example, mechanical motion—~to
voltages which can be used for telemetrytrans-
mission purposes. ) '

(Because of the necessity for compact mis-
sile equipment, telemetering end instruments
are very often built into the missile as integral
parts of the overall system.) '

The exercise head is the location of the
major components of the missile telemetering
equipment. When the exercise headis installed,
connections are made to the missile components
that are to be tested. v

The most common type of telemetering sys-
tem used for guided missiles is the f-m/f-m,
or DOD (Department of Defense) system. Pulse

telemetering systems are also used to alimited
extent. '

" The f-m/f-m telemetering system uses the '
. basic techniques of frequency modulationand can

be used to transmit large quantities of missile
data very rapidly. -

,',%ﬁ
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TRANSDUCER SUBCARRIER
OR PICKOFF OSCILLATOR

FREQUENCY
TRANSMITTER -

TRANSOUCER | SUBCARRIER
END INSTRUMENTS { | o PickorF OSCILLATOR _"T—’— MODULATED VHF

TRANSDUCER »>—1 SuBCARRIER
OR PICKOFF 0SCLLATOR

(1) IN THE MISSILE

RECEIVING
STATION
ANTENNA

FREQUENCY

MAGNETIC TAPE
RECORDER

MODULATION
RECEIVER

DEMULTIPLEXER UNIT

MissiLe
ANTENNA

SUBCARRIER

DISCRIMINATOR

SUBCARRIER

DISCRIMINATOR

SUBCARRIER

DISCRIMINATOR

DATA
VISUAL
RECORDING
EQUIPMENT

(2) ON SHIPBOARD OR GROUNDSTATION

Figure 3-11. —Basic telemetering system. A. Location of components in missile;
B. Simple block diagram of a 3:§pme_l_ f-m/f-m telemetering system.
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

Pulse telemetering systems operate on a
time-sharing basis; that is; they transmit sepa-
rate items of information one at a time and ina

regular sequence. The missile data suppliedby
all the channels are transmitted on the same
carrier wave; but each channel is sampled for
comparatively short intervals of time and is
permitted to modulate the transmitter only dur-

ing those intervals. This process is often re-
ferred to as TIME-DIVISION MULTIPLEXING.

Data transmitted from the missile may be
observed on instruments as the flight pro-
gresses, and simultaneously recorded on film
or magnetic tape. Suitable decoding and com-

puting equipment are used to facilitate the work
of data reduction and analysis.

T
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CHAPTER 4

MISSILE PROPULSION SYSTEMS

INTRODUCTION

A brief history of the evolution of missile
propulsion systems was presented in chapter 1.
Chapter 3 gave an overview of the types of
propulsion used in present-day missiles, and of
possible future developments. This chapter will
present the principles of operation of the differ-
ent propulsion systems and the application of
basic laws of science to them. The different
~ types of propellants used and the methods of
using them are discussed. Advantages and dis-
advantages of each type are recounted. New
combinations and experimental propellants are
touched upon.

GENERAL

The propulsion system df a missile is the
entire system required to propel the missile,
including the engine, accessories such as pumps
and turbines, pressurization system, tankage and
all related equipment.” © - REa

Until the start of World War II, the recip-
rocating engine-propeller. combination wascon-
sidered satisfactory for the propulsion of air-
craft. We have already explained the speed
limitations of propeller-driven craft. .As the
speed of the propeller approaches the speed of
sound, shock waves form and limit the devel-
opment of thrust. This condition requires the
use of extremely large engines to produce any
further increase in speed. Research in the
design of propellers may make it possible to
overcome some of their limitations. But at
present, some form of jet propulsion is re-
quired for high subsonic and supersonic speeds.

Guided missiles must travel at high speeds -

to lessen the probability of interception and de-

struction by enemy countermeasures. Although”

a few high:subsonic missiles are still opera-
tional for use against surface targets, most of
those on hand are used for target practice. The

. of several ways.

increasing efficiency of countermeasures tends
to make all subsonic missiles obsolete. Missiles
intended for use against high-speed enemy mis-
siles and manned aircraft must be capable of
high speeds. All air-to-air and surface-to-air
missiles now operational fly at supersonic veloc-
ities and depend on some form of jet engine for
propulsion,

Jet propulsion is a means of locomotion
brought about by the momentum of matter
expelled from the after end of the propelled
vehicle. This momentum is gained by the com--
bustion' of either a solid or a liquid fuel. Com-
pared to reciprocating engines, jet propulsion
systems are simple in construction. The basic

components of a jet engine are a combustion

chamber and an exhaust nozzle. Some systems
require accessory components such as pumps, in-
jectors, turbines, diffusers and ignition systems.

CLASSIFICATION OF
JET SYSTEMS

Jet propulsion sysfems used in guided mis-
siles may be divided into two types: ducted pro-

~ pulsion systems (also called atmospheric jets)

and rockets. '

Missiles using a ducted. propulsion system
are air-breathing missiles; theyare incapable of
operating in a vacuum. The missile takes in
a quantity of air at its forward end, increases
its momentum by heating it, and produces
thrust by permitting the heated air and fuel
combustion. products to expand through an ex-
haust nozzle. This process may be broken
down into the following steps: air is taken in
and compressed; liquid fuel is injected into
the compressed air; the mixture is ‘burned;

.and the resulting hot gases ar¢ expelled through

a nozzle. The air may be.compressed in any
In a turbofet engine, air is
compressed by a rotary compressor, which in
turn is operated by a turbine located in the

by 99; L
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

path of the exhaust gases and mounted on the
same shaft as the compressor. (A turboprop
engine, now used in some manned aircraft but
not in guided missiles, makes use of a propel-
ler mounted at the forward end of the com-
pressor turbine shaft.) In a pure duct system,
such as.the ramjet, air is compressed by the
forward motion of the missile through it. The
now obsolete pulsejet also depends on for-
ward motion for compression, Itdiffers from the
ramjet in that combustionis intermittent, rather
than continuous. .

Rockets do not depend on air intake for
their operation, and are therefore capable of
traveling beyond the atmosphere. A rocket
engine carries with it all the materidls re-
quired for its operation. These materials
usually consist of a fuel and an oxidizer. The
- oxidizer is a substance capable of releasing

all the oxygen required for burning the
fuel. ’ :

Figure 4-1 charts the types of jetpropulsion
gystems. Both types, rockets and atmospheric
jets, receive their thrust as reaction to the
exhaust of combustion gases. Jet engines fre-
quently are called reaction motors, since the
exhaust gases produce the action while the
opposite motion of the missile or aircraft rep-
resents the reaction. Both types can be called
thermal jets because they are dependent on the
action of heat. The reaction which propels the
jet engine occurs WITHIN the engine, and does
not occur as a result of the exhaust gases

PRINCIPLES OF JET PROPULSION
BASIC LAWS AND FORMULAS

Before taking up propulsion systems, let us
review the way gases are affected by variations
in pressure and temperature. Gases at high
temperatures and pressures are used in the
main propulsion systems of missiles, as well
as for driving various mechanisms within many
missiles. These gases may be in the form of
high pressure air (or other inert gases) stored
in flasks, or in the form of fuel combustion
products. The use of stored compressed gas
has been limited to small vernier rockets in
ballistic missile reentry bodies, but flasks of
compressed gas are used to operate parts of
missiles, for lamching Polaris, and for dud-
jettisoning some missiles.

Absolute Pressure

Although we live at the bottom of an ocean
of air, we do not feel the pressure which the
atmosphere exerts on us because it i8 nearly
equal in all directions.

In all problems involving the laws of gases,
pressure should be tigured in poundsper square
inch absolute, which is the gauge pressure
plus 14.7 psi at sea level.

Absolute Temperature

The temperature of a gas can be measured

pushing against the air. with respect to an absolute zero value. This
I JET-PROPULIION nﬁu ruisl
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Chapter 4—-MISSILE PROPULSION SYSTEMS

value, which is usually expressed in terms of
the centigrade scale, represents one of the
fundamental constants of physics. It was estab.
lished experimentally during a series of tests
made in the study of the kinetic theoryof gases.

According to this view, a gas, like other.
forms of matter, is composed of molecules made
up of combinations of atoms. Normally, the
molecules of any substance are in constant
motion. -In the gaseous state, the motions are
assumed to be entirely random. That is, the
molecules move freely in any direction and are
in constant collision, both among themselves
and: with the walls of the container. The moving
particles possess energy of motion, or kinetic
energy, the total of which is equivalent to the
quantity of heat contained in the gas. When
heat is added, the total kinetic energy is
increased. When the gas is cooled, the thermal
agitation is diminished and the molecular ve-
locities are lowered.

The molecules do not all have the same
velocity, but display a wide range of individual
velocities. The temperature of the gas, accord-
ing to the kinetic theory, is determined by the
average energy of the molecular motions. Pres-

sure is accounted for by considering it as re- -

sulting from the bombardment of the walls
of the container by the rapidly flying molecules.
The particles are considered to have perfect
elasticity, so that they rebound from the walls
with the same velocities with which they strike
them, .

In accordance with the kinetic theory, if the

heat energy of a given gas sample could be
reduced progressively, a temperature would
be reached at which the motions of -the mole-
cules would cease entirely.” If known with
accuracy, this temperature could then be taken
as the absolute zero value. It was assumed from
the .experiments that -273°C represents the
theoretical absolute zero point at which all
molecular motion ceases, and no more heat re-
mains in the substance. All gases are converted
to the liquid state before this temperature is
reached. :

Gas Laws

In the experiments to determine absolute
pressure and absolute temperature, thebehavior-
of gases under different pressures and tem-:

_ peratures revealed the laws of ‘gases.” Any

change in the temperature of a gas causés a
corresponding change in the pressure, makingit
necessary to consider -temperature, pressure,-

terms of absolute temperatures,

and volume together. The sameratios of change
of volume and pressure were foundtobe present
in- all gases, and they were found to be constant
over a wide range of temperatures.

The first law of gases is Boyle’s law:

The volume of any dry gas, the tem-

perature remaining constant, varies in-

versely with the pressure on it; that is,
the greater the pressure, the smaller
the volume becomes. . _

This 18 true only if the temperature has
remained the same.

In general, when the pressure is kept con-
stant, the volume of a gas 1s proportional to its
absolute temperature. Thisis known as Charles’
law: :
All gases expand and contract to the

same extent under the same change of

temperature, provided there is nochange

in pressure. .

Finally, since the volume of a gas increases
as the temperature rises, it is reasonable to
expect that if a confined sample of gas were
heated, its pressure would increase. Experi-
ments have shown that the pressure of any
gas kept at a constant volume increases for
each degree centigrade rise very nearly 1/273
of its pressure at 0° C. Because of this finding
it is convenient to state this relationship in
For all
gases at constant volume, the pressure is
proportional to the absolute temperature.

The general gas equation comes from a
combination of Boyle’s law and Charles’ law,
and it is expressed by combining their equations
into one. That is:

P1 V1 Pz Vz

'l‘1 'l‘z

where Py and Ty are the original pressure and
temperature Py and T, refer to the new
pressure and temperature; and Vj refers to
the original volume and Vg refers to the
new volume. In using this formula be sure that
pressure and temperature are in absolute units,

All real gases depart somewhat from the
Boyle-Charles law (ideal gas law). Missile
designers must apply the laws, with the variation
for the gas to be used, in their design of the

. jet propulsion systems. Thegases are produced

by the burning of the propellant (liquidor solid);
the missile design must channel the gases to
produce the most thrust available fxfom them.
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APPLICATION OF BASIC LAWS
TO MISSILE PROPULSION

The two most common methods by which we
produce thrust are by mechanical means (pumps
or fans), and by thermal means (chemical reac-
tion). The squid is an example of the mechanical
jet found in nature. It draws water into its body
and then by muscle contractionforces this water
rearward throughasmall opening at anincreased
velocity, thus propelling itself forward.

In our study of guided missiles we are
concerned with thermal jets—those that operate
by reaction to the exhaust of combustion gases.

With the help of some elementary mathe=
matics, we will show how a jet-propulsion sys-
tem develops the thrust required to propel a
guided missile. All jet-propulsion systems are
based on the principles expressed in Newton’s
second and third laws of motion, discussed in
chapter 2. According to Newton’s second law,
the acceleration of a body acted on by an un-
balanced force is in the direction of the applied
force, directly proportional to the magnitude of
the force, and inversely proportional to the
mass of the body. This relation can be ex-
pressed as a formula: o

 F=Ma

or, force equals mass times acceleration, with
force expressed in pounds, acceleration in feet
per second per second, and mass in SLUGS.
(A slug is a unit of mass; the mass of a body in
slugs 18 equal to its weight, in pounds, divided

by the acceleration due to gravity in feet per
second per second.) The weight of any given
mass varies, depending on the force of gravity,
which varies with the distance from the earth’s
center. The relation between weight and mass
can be expressed in the formula:’

=¥
M=z

in which M is the mass in slugs, W the weight
in pounds, and g the acceleration due to gravity

in feet per second per second (approximately.

32.2 ft/sec2 at sealevel). - . - o
Acceleration is the rate of change of veloc-
ity. This is expressed in the formula
vz-v1
t. .

a=

where v; is the initial velocity of a mass, v%‘
its final velocity, and t the time during whic
this change of velocity occurs. If we substitute
the above value of acceleration in the original
formula, F = Ma, we get
Mv, - Mv
F=—=2_ 1

t
Since Mv is momentum, the above formula
shows that the thrust produced by a jet engine
is equal to the rate of change of momentum of

its working fluid. We can write the above
formula as follows: .

F=m(v2-v1)

where m represents M/t, and is called the mass

“rate of flow of the working fluid in slugs per

second.

In the original equation, F = Ma, we can
substitute the equivalent weight for mass, and
get

_Wa

‘When we apply this formula to a jet propul-
sion system, F is the unbalanced force that
accelerates the working fluid through the ex-
haust nozzle, and a is the acceleration of the

fluid in feet per second per second. In accord-

ance with Newton’s third law of motion, the
forward thrust developed by the jet propulsion
system is equal and opposite to the unbalanced
force applied to its working fluid..

Now, let W equal the total weight of working
fluid that flows through a missile propulsion
system during the time the system is producing
thrust, and let t equal the total time during
which the system develops thrust. Then W/t is
the weight rate of flow of working fluid, in
pounds per second. Letting w = W/t, we can
now write a formula for the thrust developed
by a jet propulsion system:

W
T= T (vz-vl)

where ‘T 18 the thrust in pounds; w is the weight

ratepof flow of the working fluid, in pounds per
second; v

of .the fluld; g is the acceleration due to

- gravity. ‘This equation gives the thrust applied

. _ is the initial (intake) velocity of the.
- working fluid; a‘x’\% is the final (exhaust) velocity.
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Chapter 4—MISSILE ‘PROPUISION SYSTEMS

-maximum thrust,

to expel the working fluid from the exhaust
nozzle of the engine. And, in accordance with
Newton’s third 1aw of motion, the same equation
also expresses the forward thrust developed
by the propulsion system to propel the missile.

Figure 4-2 represents a jet engine which
is taking in air at its forward end at a speed
of 1000 feet per second. The burning fuel
within the engine heats the air and increases its
speed to 2000 feet per second. If we assume
that the working fluid flows through the engine
at the rate of 64.4 pounds per second, application
of the thrust formula shows that this engine is
developing a thrust of 2000 pounds.

Note that the thrust developed by an engine
is always expressed in pounds of force, not in
terms of work or horsepower. A jet engine
that is fired in a test stand does not move, It
therefore does no work, and consequently de-
velops no horsepower, although it may exert its
At a velocity of 375 miles
per hour, one pound of thrust will develop one
horsepower. For a missile in actual flight, it is

- possible to calculate the horsepower developed

by the propulsion system from the formula:

Horsepoﬁrer = é‘%‘

Where V is the missile velocity in miles per
hour, T is thrust in pounds, and 375 is a con-
stant having the dimensions of mile-pounds

per hour. For example, assume that a missile
traveling at 3750 mph has 56,000 pounds of
thrust. The above equation shows that the
engine is developing 560,000 horsepower:

3750 x 56,000

,—W'— = 560,000 hp

Although it 18 possible to calculate the horse-
power developed by the propulsion system of
a missile in flight, the student should remem-
ber that jet-propulsion engines are always
rated in terms of pounds of thrust, rather than
in horsepower.

A .rocket engine takes in no air from the
atmosphere; its working fluld consists of the
combustion gases resulting from burning fuel,
Since the rocket carries its own supply of
oxygen as well as its fuel supply, the initial
velocity of the working fluid, relative to the
missile, is zero. Thus, the formula for the
thrust developed by a rocket engine reduces to

w
T=%"%

where w is the rate of fuel and oxidizer con-
sumption in pounds per second, and Ve i8 the
exhaust velocity of the gases. But the above
formula expresses only the thrust due to mo-
mentum of the working fluid. If the pres-
sure of the working fluid, after it leaves the
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

exhaust nozzle, i8 greater than the pressure
outside the missile, the actual thrust is less
than that given by the above formula. Itis
- obvious that if the gases that have left the
missile are at a higher pressure than the sur-
rounding - atmosphere or space, these gases
are capable of doing work, That work, which
might have been used to propel the missile,
will be wasted. A more accurate formula for
rocket thrust is: '

w
T=2 Vo +(P,-P) A,

in which P, is the pressure of the surrounding
atmosphere (or space), Po i8 the pressure of
the exhaust jet, and A, is the cross-sectional
area of the exhaust je’g. If the exhaust nozzle
can be so designed that it decreases the pres-
sure of the exhaust jet to that of the surround-
ing space, the pressure term in the above
equation becomes zero. This condition repre-
sents the maximum thrust available for any
given propellant and chamber pressure. Al-
though this condition cannot be fully attained
in actual practice, well-designed nozzles make
it possible to approach it closely. .

It is a common misconception that jet en-
gines operated by pushing against the surround-
ing air. Ducted jets depend on air as a work-
ing fluid, but they do not need air for the
exhaust to push against, Rockets require no
air. Air acts only to impede the motionof a
rocket, first by drag, and second.by hindering
the high-speed ejection of the exhaust gases.
Thus - rockets operate more efficiently in a
total vacuum than they do in the atmosphere.

COMPONENTS OF JET PROPULSION
SYSTEMS ' .

To achieve ‘hlgh thrust, it is necessary to
produce large quantities of exhaustgases athigh
temperatures and pressures. To produce these

exhaust gases, jet propulsion systems consist

of a combustion chamber, an exhaust nozzle,
and a fuel supply. Liquid-fuel systems require
additional parts, such as injectors, pumps,

and ignition systems. Air breathingengines re-

quire diffusers at the air intake.

takes place. Combustionis necessary to provide
thrust. Useful thrust cannot be attained in an
atmospheric jet unless the combustion products
are exhausted at a velocity greater than that of
the intake gases. .

In all thermal jets, the heat energy released
by the combustion process is converted tokinetic
energy through expansionof the gases of combus-
tion as they pass through the exhaust nozzle.

The chamber is usually a cylinder, although
it may sometimes be a sphere. Its length and
diameter must be such as to produce a chamber
volume most suitable for complete and stable
combustion. The chamber length and the nozzle
exit diameter are determined by the propellants
to be used. Both mustbe designedto produce the
optimum gas velocity and pressure at the nozzle
exit, '

EXHAUST NOZZLE

An exhaust nozzle is a nonuniform chamber
through which the gases generated in the com-
bustion chamber flow to the outside. Its most
important areas are the mouth, throat, and exit,
identified in figure 4-3. The function of the noz-
zle 18 to increase the velocity of the gases. The
principle involved was announced many years
ago by a Swiss physicist, Daniel Bernoulli. Ber-
noulli’s principle applies to any fluid (gas or
liquid). It may be stated as follows: ‘Pro-
vided the weight rate of flow of a fluidis
constant, the speed of the fluid will increase
where there is convergence in the line. It will
decrease where there is a divergence in the
line.”” Figure 4-4 illustrates this principle.
The velocity of the fluid will increase at point
#1, At the point of divergence, point #2, the
speed of the fluid will decrease. The increase
in speed between points #1 and #2 is caused by
a conversion of potential energy (fluid pressure)

THROAT

COMBUSTION CHAMEER - -l

. 7The combustion chamber 18 that part of the
system in which the chemical action (combustion)

Figure 4-3.—Location of nozzle areas.
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Chapter 4—MISSILE PROPULSION SYSTEMS

to kinetic energy. Thus the pressure drop of
the fluid through the restriction is proportional
to the velocity gained. When the fluid reaches
point #2, the kinetic energy is again converted
to potential energy. At point #2, the fluid
velocity decreases, and the pressure of the fluid
increases. :

This relationship holds truefor subsonic flow
of gases. In the convergent nozzle infigure 4-5
A, the speed will increase up to the speed of
sound, depending on the degree of convergence.
Such nozzles are often used on subsonic turbo-
jets. It has been found that, with a nozzle of
this type, if the internal pressure of the com-
bustion -chamber is more than about 1.7 times
the external pressure, an excess pressure re-
mains in the gases after they leave the nozzle.
This excess pressure represents wasted energy.
The performance of combustion systems using
this type of nozzle is therefore limited.

In the divergent nozzle in figure 4-5B,
gases at subsonic speeds will slow down, de-
pending on the degree of divergence.

Gases at supersonic (faster than sound)
speed behave differently. As these gases pass
through the divergent nozzle, their velocity is
INCREASED because of their  high state of
compression, The drop in pressure at thepoint
of divergence causes an instantaneous release
of kinetic energy, which imparts additional
speed to the gases. Toobtain supersonic exhaust
velocity, the DeLaval nozzle, figure 4-5C, is
commonly used. This nozzle first converges
to bring the subsonic flow up to the speed of
sound. Then the nozzle diverges, allowing

- the gases to expandand produce supersonic flow,

The Prandtl nozzle (tig. 4-5D) is more ef-
ficient than the straight-coned DeLaval nozzle
but is more difficult to engineer and produce.
It increases the rate of flow at a higher rate

—— e
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Figure 4-4.-Fluid flow through a restriction.
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> ment and calculation.

than the normal convergent-divergent iyve.
The shape of the nozzle determines the cha-
acteristic of gas flow, which must be smoott.

Other nozzles of increasing importance »re
the adjustable area type in whichthe nozzlearea
is varied to suit varying combustion environ-
mental conditions.

The best size for the nozzle throat is dif-
ferent for different propellants. In each care,
the best size has to be determined by expesi-
The nozzle must be
designed for a specific set of propellani and
combustion characteristics to obtain higher
velocity and increased thrust. The area of
the throat section is determined by the weight
rate of flow. The area at the exit of the di-
vergent cone is determined by the desired ratio
of expansion of the gases betwz=en throat and
exit. ’

FUEL SUPPLY

The fuels and oxidizers used to power a jet
engine are called propellants. The chemical
reaction between fuel and oxidizer in the com-
bustion chamber of a jet engine produces large
quantities of high-pressure liigh-temperature
gases. When these gases are channeled through
an exhaust nozzle, a large part of the heat
energy they contain is converted into kinetic
energy to propel the missile. When you read
of an engine that can travel faster than a gun
projectile, operate in a vacuum, deliver a

. great deal more energy than a reciprocating

engine, and do so with a fewor no moving parts,
you may get the idea that some very complex
chemical mixture is used as the propellant.
This i8 not so. Jet-propulsion engines can
operate on such fuels as kerosene, gasoline,
alcohol, gunpowder, and coal dust. :
However, in the search for an ideal propel-
lant, many complex fuels have been tried. A
mere listing takes up a whole page in the en-
cyclopedia. The searchgoesonfor morepower=-
ful propellants, particularly for boosting space
vehicles. - For example, liquid hydrogen (which
becomes liquid at 423° F belowzero or -252° C),
when mixed: with liquid oxygen in a rocket
engine, produces about 35.percent more thrust
than the kerosene type fuels now used. It
will be used to propel Centaur- and other un-
manned earth orbital and interplanetary flights
as well as ' upper-stage rockets now. being

developed for manned lunar landings.. Fluo-’

rine is being- studied as an oxidizer to_help
produce more thrust. - - = - Mt

With regard to their physical state, pro-
pellants may be either solids, liquids, gases, or
various combinations of these. However, gases
ale rar:ly used as misstle propellants, for two
reasons. First, liquids or solids have a higher
density than most gases, evenwhenthe latter are
higiiy compressed; thus a larger quantity of
solid or liquid propellant can be carried in a
given space. Sccond, a greater energy trans-
fc>mation .resulis when a substance goes from
sol.d or liquid to gas than results when a gas
is merely accelerated to a higher velocity.

Rating or Comparing Propellants

Several means have been worked out for
rating, or comparing, varioue rocket fuels
(propeliants). Comparison is made by deter-
mining total impulse. Total tmpulse is the
product of the thrust in pownds times burning

" time in seconds. Or, "

IT (Total Impulse in b-sec)==
T (Thrustinlbs) X t (Durationinsecs).

Solid propellants are rated, or compared,
on the basis of SPECIFIC IMPULSE, the amount
of impulse produced by one pound of the pro-
pellant. '

In pound-seconds per pound, this is equal
to the total impulse divided by the weight of
the propellant. Stated as a formula, it is:

Isp(specmc Impulse in Ib-sec/lb)=
Ip (Total Impulse in Ih- sec)
W (Weight of Solid Fuel in Ibs)

A common method of comparing liquid pro-
pellants is on the basis of specific thrust.
Specific thrust is equivalent to specific impuise
for solid propellants but is derived in a slightly
different way. Specific thrust is defined as the
thrust in pounds divided by the weight rate of
flow of fuel in pounds per second. Or,

'rap (Specific Thrust in Ibs/Ib/sec)=

T (Thrust in Ibs)
W (Weight Rate of Flow in Ib. per sec)

Specific thrust is frequently expressed in
seconds. : :
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Chapter 4—MISSILE_ PROPULSION SYSTEMS

Specific propellant consumption is the re-
ciprocal of specific thrust; it is the rate of
propellant flow, in pounds per second, required
to produce one pound of thrust. Or,

Specific Propellant Consumption =

Weight Rate of Flow (Ibs/sec)
Thrust (Ibs)

Other terms you should know are mixture
ratio and exhaust velocity.

Mixture ratio designates the relative quan-
tities of oxidizer and fuel used in the propellant
combination. It is numerically equal to the
weight of oxidizer flow divided by weight of
fuel flow. Exhaust velocity is determined
theoretically on the basis of the energy content
of the propellant combination. The actual ve-
locity of the exhaust gases isof courseless than
this theoretical value since no jet engine can
. completely convert the energy content of the
propellant into exhaust velocity. Thus, effec-
tive exhaust velocity is sometimes used and is

determined on the basis of thrust andpropellant
flow: .

Effective Exhaust Velocity =

Thrust (lbs)
Mass Rate of Flow (Ibs/sec)

Solid Propellants

Solid propellants are of two types. One
of these consists of a fuel, such as a hydro-
carbon, mixed with a chemical capable of
-releaging large quantities of axygen (a chlorate
or a nitrate). A second type consists of a
compound, nitrocellulose, for example, that
releases large quantities of gases andheat when
it decomposes. When mixed with additives (in
small quantity as stabilizers), this type is called
a double-base propellant. It is used most for
small rockets. B _

- Of course it is possible to combine the two
types in a single propellant mixture called a
composite propellant. This is the type most
used fcr missile propellants. .

The ingrediepts of a solid propellant are
mixed so as produce a seolid of specified
chemical and physical characteristics. Some
examples of materials used in making solid
propellamis are  asphalt-oils, nitroglycerin,

asphalt-potassium perchlorates, black powder
with ammontum nitrate, and other recently
developed combinations. Perfluoro-type pro-
pellants, and aluminum or magnesium metal
components combined with an oxidant have given
higher specific impulse than other combinations.
The finished product takes the shape of a grain,
or stick. A charge may be made up of one

or more grains. Combustion of solid propel-.

lants will be discussed later in this chapter.
An ideal solid propellant would:
1. Have a high specific impulse.
. Be easy to manufacture from available
raw materials,
Be safe and easy to handle.
Be easily stored. ‘
Be resistant to shock and temperature
changes.
. .Ignite and burn evenly.
. Be non-water-absorbent
scopic).
8. Be smokeless and flashless.
9. Have an indefinite service live.
* It is doubtful if a single propellant having
all of these qualities will ever be developed.
Some of these characteristics are obtained at
the expense of others, depending on the per-

-3, 'Uloh“

(nonhygro-

_formance destired.

Liquid Propellants &

The liquid propellants are classified as
monopropellants or as bipropellants.
~ Monopropellants are those which contain

‘within themselves both the fuel and oxidizerand

are capable of combustion as they exist. Bi-
propellants are those in which the fuel and
oxidizer are kept physically separated until they
are injected into the:- combustion chamber. An
example of a monopropellant would be the
mixture of hydrogen peroxide and ethyl alcohol;
an example of a bipropellant would be liquid
oxygen and kerosene. , .

. When oxygen or an oxygen-rich chemical is
used as an oxidizer, the best liquid fuels appear
to be those rich in both carbon and hydrogen,

In addition to the fuel and oxidizer, a liquid
propellant may also containa catalystto increase
the speed of the reaction. A catalyst is a sub-
stance used to promote a chemical reaction
between two or more other substances.

Inert additives which do not take part in the

. Chemical reaction are sometimes combined with

liquid fuels. An example is water, which is

often added when alcohol is used as a fuel. =

—mants
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Although it does not take part in the chemical
reaction, the water does provide additional

- particles which contribute to a higher thrust

by increasing the rate of mass flow through

the system.
Most liquid-fuel rockets use the bipropel-

lant type liquid fuel, as it is less likely to

react to shock and heat than monopropellants.
When separated, as they are before entrance
into. the combustion chamber, the fuel and
oxidizer are generally incapable of chemical
reaction. Bipropellants which ignite spontane-
.ously upon contact with each other are called
hypergolic. - An example is Dimazina (un-
symmetrical dimethylhydrazine (UDMH)), or
Aerozine 50, used in Titan Il and III with nitro-
gen tetroxide as oxidizer. Those which re-
quire the (addition of energy (electric spark,
igniter, or other) to cause chemical Teaction
are said: to be diergolic. " Thixotropic pro-

~ pellants are jellied substances with metallic.

‘gubstances (aluminum) suspended inthem, which

- ‘greatly increases the propellant density and

the specific impulse of the liquid engine. There
are a large number of liquid fuels but there

" are few known practical oxidizers. Somehighly

effective -oxidants
and handle; " -~ L

While solid propellants are stored within
the combustion chamber, liquid propellants are
stored in tanks and injected into the combustion

‘are too dangerous to store

- chamber. “In general, liquid propellantsprovide

a_longer burning time than solid propellants.
They have a further advantage in that combus-
tion ¢an, be easily. stopped and started at will
by controlling the propeliant flow.
""" An ideal liquid propellant would: - =~ . =

““1. Be, easy to_manufacture from' _avaﬂaplé

" 2. Yield a.high heat of combustion per unit

raw materials. -

ght of thie reaction

6 gravity.
COFTOSiVE ffects.

the missile and cause erratic behavior. Some
liquid propellants will react spontaneously if
subjected to pressures above their 1imit. Solid
propellants also have pressure 1imits but they
are much higher than for liquid propellants.

SPECIAL PARTS

In addition to the combustion chamber,
exhaust nozzle, and fuel supply, which all re-
action type engines must have, liquid-fuel en-
gines also use injectors and igniters, and
air-breathing missiles must have a diffuser or
intake duct, where the high-speed air is con-
verted into low-speed, high-pregsure, gas for
entry into the combustion/chamberZas an oxi-
dizing element.

Injectors

_ The injector is similar in function to the
cafburetor in a reciprocating engine. It vapor-
izes and mixes the fuel and oxidizer in the~
proper. proportions for efficient burning.

Figure. 4-6 shows schematic sketches of
three types of injectors. - In the multiple-hole
tmpingement type (fig. 4-8A), oxidizer and fuel

. are-injected through an arrangement of separate

holes in such a way that the jet-like streams
intersect each other at some predetermined
point, where the fuel and.oxidizer mix and .
break up into vapor-like droplets. A spray
injector (fig. 4-6B) has oxidizer and fuel holes
arranged in circles, so as to produce conical
or cylindrical spray patterns that intersect—

within the chamber. The nonimpinging injector,

"‘gshown. in the lower sketch in figure 4-6, isone -

in which the oxidizer and fuel do not impinge at
any specific point, but are mixed by the tur-
bulence within the chamber.. ’

Iaaition Systems

o Unless the fuel and fo‘xid.t‘zer form a com-
bination that ignites spontaneously, a separate
ignition system must be provided to initiate

Pt dPRY

the reaction; The igniter must be located within

i 7 the combugtion chambér (fig. 4-2) at a point
ropéllants, it:is unlikely = where

7“1t will " receive_ a. satisfactory starting

elyinthechamber =

—tades o
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igniter squib type is shown in figure 4-7. A
powder-charge ignition system (fig. 4-7)is often
used for solid-fuel rockets. It consists of a
powder squib which can be ignited electrically
from a safe distance; it burns for a short time,
with a flame hot enough to ignite the main
propellant charge. A catalytic ignition system
uses a solid or liquid catalytic agent that

brings about chemical decomposition of the
propellant, :

Diffusers

The purpose of the air intake and diffusion
"8ystem is to decelerate the velocity of the air
from its free stream speed (fig. 4-2) to the
desired speed at the entrance of the combustion
chamber with a minimum of pressure loss., As
mentioned above, only air-breathing - engines
need diffusers. Diffusers are of two general
types: subsonic, and supersonic. Diffusersare
illustrated in the section on ramjet engines.

" CHAMBER WALL

ELECTRIC IGNITER
sQuis ’

PROFELLANT PROTECTIVE
AR DIAPHRAGM

. FILAMENT OR
«: PLATINUM WIRE
U BRIDGE

S 144,21

squib type; B, Black powder charge
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SUBSONIC DIFFUSERS.-—Subsonic diffusers
may be internal compression diffusers or ex-
ternal compression diffusers. Although the
principles are known, no completely successful
external compression diffuser has been de-
veloped. Velocity decrease at a point external
to the air inlet would permit simplification of
the -‘air diffuser design.. ,

An internal compression diffuser is a duct
located at the forward end of the engine between
the air intake and the injector. Between these
two points, the diameter of the duct increases
(fig. 4-11A), and as a result, the velocity of the
air decreases and the pressure increases. If
the pressure chinge is to be kept small, the
diffuser length must be increased. Too great
a length could result in préssure losses due to
skin friction, 8o a compromise value usually
has to be used. ‘ -

SUPERSONIC DIFFUSERS.—-At supersonic
speeds the intake air must be reduced to sub-
sonic speed with a minimum loss of pressure. A
problem of diffusion at supersonic speeds isthe
production of shock waves at the inlet. ‘Super-
sonic diffusers may be classifiedas: (1)Normal

shock (fig. 4-11B); (2) converging-diverging; -

and (3) conical or ‘‘spike’” diffusers, also
called “‘center body’’ diffuser (fig. 4-11C). In
a normal shock diffuser, a diverging duct is
used, which reduces the diffusion process totwo
steps. The normal. shock wave at the input
section reduces the velocitytoapproximatelythe
speed of sound; then the air is diffused to
subsonic speeds in the diverging duct.
The converging-diverging diffuser principle
i{s similar to that of the DeLaval nozzle (fig.

4-5C) except that the process is in reverse,
also in two steps. While the supersonic air

stream is passingthrough the converging portion

of the duct, its velocity isdecreased to the speed
of sound (Bernoulli’s theorem). - Its velocity is
further . decreased,  to: the -desired velocity,
while it is passing through the divergent portion
of,the diffuser. : IR

-In the “‘center.

a conical' nose. o

‘diffuseragsembly

of air approaches the” cone,:
- wave i ed and th )

ATMOSPHERIC JETS
GENERAL

Any jet-propelled system that obtains oxygen
from the surrounding atmosphere to support
the combustion of its fuel is an atmospheric
jet engine. Pulsejets, ramjets, turbojets, and
turboprops are all of this type, although the
latter are not used in guided missiles. Ob-

. viously, the operation of these engines is

limited by the amount of oxygen available, and
they can operate only at altitudes where the
oxygen content of the air is adequate. The
upper limit of operation depends on the type of
design of the particular engine. :
The first successful application of atmos-
pheric jets to missile propulsion was the
pulsejet engine used in the GermanV-1 migsile.

PULSEJET -

Pulsejet engines are so called because of
the intermittent or pulsating combustion proc-

“ess. Although pulsejet engines were usedby the

U.S. Navy to propel an early missile, they are
now considered obsolete, and we willgiventhem
only brief treatment here, to explain the princt-
ples of their operation.

Figure 4-8 illustrates the fundamental con-
struction of the pulsejet. The principal parts of
a pulsejet are the diffuser, grill assembly (con-
taining air valves, air injectors, and fuel in-
jectors), the combustion chamber, and the tail
pipe (exhaust nozzle). The DIFFUSER is a duct
of varying cross section at the forward end of
the engine, between the air intake and the grill.
Between these two pointsthe diameter increases;
as a result, the velocity of air entering the
diffuser decreases, and its pressure increases.

The grill assembly carries the fuel injectors,
injectors for starting air, and the air-intake

_ “flapper” valves. The latter are spring loaded,

and are normally closed, so as to completely
block off the diffuser from the combustion cham-

"ber. Air and<fuel niixed in the combustion
 chamber are ignited initially by a spark plug;
" thereafter, the mixture is ignited spontaneously.
. The tailpipe is of uniform cross sectionand, for
. agiven engine diameter, has a specific optimum
~length. . - ‘

Operating Oy

1>

. Ag the ‘engine movesthroughtheair, ram-air

‘pressure builds up in the diffuser. When this
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| pressure exceeds that of the combustion cham-

: ber and the valve spring, the valves open and
air enters the combustion chamber. Fuel is
then injected, and the air-fuel mixture isignited
by a spark plug. The fuel and air pass through
venturis (fig. 4-8), which atomize the fuel and
mix it thoroughly with the air, so it ignites
readily. '

The burning fuel rapidly produces combus-
‘tion gases that create a pressure of 25 to 35
psi in the combustion chamber. The spring-
loaded air intake valves (fig. 4-9) in the grill
assembly prevent these gases from escaping
forward. '

As the pressure in the combustion chamber
rises, it exceeds the pressure in the fuel 8ys-
tem, and automatically shuts off the flow of fuel.:
The flaming gases rush down the tailpipe and
exhaust to the atmosphere at a 8peed greater

SPARK PLUG

GRILL ASSEMBLY *

than that of the inlet air. The resulting pressure
differential creates a thrust in the direction of
flight.

Because of the speed with which the com-
bustion gases rush down the tailpipe, they over-
expand and produce a partial vacuum within the
combustion chamber. The ram pressure in the
diffuser then exceeds the pressure in the cham-
ber; the flapper valves open (fig. 4-9B), and a
fresh supply of air entersthe chamber. Because
of the decrease in pressure, the pressurized
fuel system is able to inject a.fresh supply of
fuel. As a result of the partial vacuum, a por-
tion of the hot exhaust gasisdrawnback into the
chamber; the temperature of this gas is high
enough to ignite the air-fuel mixture, and a new
cycle begins. Note that the spark plug ignition
is required only to start the engine; after start-
ing, its combusiion cycle is self-sustaining
(similar to a diesel engine).

COMBUSTION
 CHAMBER

TAIL PIPE

DIFFUSER

FUEL LINE

. AR —]
- N ]
. DIFFUSER —§
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Figure 448.—C_i;oss section of a pulsejet engine,
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The frequency of the combustion cycle isthe
resonant frequency of the combustion chamber
and tailpipe. A formula for resonant frequency
of a closed pipe is:

Velocity of sound
4 x length

Frequency=

The frequency of various pulsejet’ engines
that have been used in the past ranges from
about 50 to over 200 cycles per second. It was
this intermittent cycle which gave the name
“buzz bomb” to the German V-1 rocket.

Limitations of Pulsejets

One of the disadvantages of pulsejets isthat,
at the instant of launching, there is no ram
pressure in the diffuser. For that reason, most
pulsejets are . incapable of developing enough
static thrust to take off under their own power.
They are therefore launched with the help of
compressed air injected into the chamber along
with the fuel, or from a catapult, or with booster
rockets, or by a combination of these means.
The speed of a pulsejet is limited to the low
subsonic range because athigher speedstheram
pressure developed in the diffuser exceeds the
chamber pressure at all times throughout the
combustion cycle; the flapper valves therefore
cannot close, and the cycle cannot maintain it-
gelf. Also, thistype of engine hasalow efficiency
index because its fuel consumption rate is high.

TURBOJETS

A turbojet engineisanair-dependent thermal
jet-propulsion device. It derives its namefrom
the fact that its compressor is driven by a tur-
bine wheel, which is itself driven by the exhaust
gases. Turbojets may be divided intotwotypes,
depending. on the type of compressor. These

-are centrifugal-flow turbojets (fig. 4-10A)and
axial-flow turbojets (fig. 4-10B). Both types

are the same in.operating principles.

* Components of Turbojets -

" . The major components of bothtypes of turbo-
jets are -an accessory section, compressor sec-

tion, combustion section, and.exhaust seétion. -
- The .accessory s¢ction serves as a mounting
pad “for -accessories;. including the generator,
' hydraulic . pump,’ starter, and:tachometer, for
. -various engine components,

-such as units'of the ' per ‘stage efficiency.

fuel and ofl systems, and for the front engine
balancing support.

The primary function of the compressor '

gsection i8 to receive and compress large
masses of air, and to distribute this air to the
combustion chambers. The centrifugal com-
pressor consists of a stator, often referred to
as a diffuser vane assembly, and a rotor or
impeller (see fig. 4-10A). The rotor consists
of a series of blades which extend radiallyfrom
the axis of rotation. As the rotor revolves,
air is drawn in, whirled around by the blades,
and ejected by centrifugal force at high velocity.

The stator consists of diffuser vanes that
compress the air and direct it into the various
firing chambers: Air leaves the impeller
wheel at high velocity. As it passes through
the diffuser vanes it entersa larger space; its
velocity therefore decreases, and its pressure
increases.

The axial compressor is similar toa pro-
peller. The rotor consists of a series of
blades set at an angle, extending radially from
the central axis. As the rotor of the axial
compressor turns, the blades impart energy
of motion in both a tangential and axial direc-
tion to the ram air entering through the front
of the engine. The stator does not rotate. Its
blades are set at an angle so as to turn the air
thrown off the trailing edge of the first-stage

rotor blades, and redirect it into the path of -
the second-stage rotor blades. One rotor and

one stator comprise a single-stage compres-
sor. A number of rotors and stators assem-

bled alternately make up a multistage com-

pressor, as in figure 4-10B.
In a multistage compressor, air from the

first row of compressor blades is accelerated

and forced into a smaller space. The added
velocity gives the air- greater impact force.
This compresses the air into a-smaller space,
causing its density to increase. The increase
in density results in a corresponding increase
in static pressure.. This cycle of events is
repeated in-each successive stage of the com-
pressor. Therefore, by increasing the number

..of stages, the final pressure can be lncrgased

to almost any desired value.
‘The axial-flow turbojet is longer than the

~ centrifugal-flow type, but has a smaller frontal

area,-and therefore is more streamlined. The
‘centrifugal compressor is stimpler thanthe axial
and has a higher pressure ratio per stage. The

.- axial=flow compressor, however, has a higher
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' 12,28A
Figure 4-10,—Cross-sectional views of turbo-
jets: A, Centrifugal; B.-A:dgl-ﬂowturbojet.

The combustion section includes combustion

-chambers, .spark plugs, a nozzle diaphragm, and

a turbine wheel and shaft, The combustion cham-

. bers, or. burners, in both types of turbojet

. .engines, have the same function and producethe

Same results, They differ in size and number,
depending on the. type of engine, Each combus-
tion chamber has thefollowing parts: outer com-
bustion chamber, inner liner, inner liner dome,
flame crossover tube, and fuel-injector nozzle.
. . The outer .combustion chamber retains the
air. 80 that a high-preasure, supply 1s available
to the.inner liner at all times. This air also

. .

houses . the .area in which fuel and aif, are

serves as a .cooler’jacket., The imner liner

-mixed and. burned. - Many round holes in the
 Ilnner liner.allow tie.air to enter and mix with _
‘the fuel and high-temperature combustiongases.

The forward end of the' inner liner 15 allowed
to. slide over. the dome to ace
sion ‘and. contraction, '

accommodate expan-
The aftes

after énd of the

burners are convergent to increase the velocity
of the gases just before they pass through the
nozzle diaphragm. The flame crossover tube
connects one chamber to the next, allowing ig-
nition to occur in all chambers after the two
chambers containing sparkplugs have fired.

The exhaust section consists primarily of a
nozzle and an inner cone. This assembly
straightens out the turbulent flow of the ex-
haust gases caused by rotation of the turbine
wheel, and conveys these gases to the nozzle
outlet in a more perfect and concentrated gas-
flow pattern. B

The exhaust-nozzle diaphragm is composed
of a large number of curved blades standing

‘perpendicular to the flow of combustion gases

the flame crossover

and arranged in a circle in front of the turbine
wheel. By acting as both a restrictor and a
director, this diaphragm increases the gas
velocity, Its primary function is to change the
direction of the gases so that they strike the
turbine-wheel vanes at, or nearly at, a 90°
angle. The impact of the high-velocity gases
against the buckets of the turbine wheel causes
the wheel to rotate. The turbine-wheel shaft
is coupled to the compressor-rotor assembly
shaft. Thus, part of the energy of the exhaust
gases is transformed and transmitted through
the .shaft to operate the compressor and the
engine-driven accessories.

. Operating Cycle

. The operation of a turbojet may be sum-
marized as follows: The rotor unit of the
compressor is brought up to maximum allow-
able speed by the starter unit, which is geared
to the compressor shaft for starting, Air is
drawn in from the outside, compressed, and
directed to the combustion chambers. Fuel is
injected through the fuel manifold under pres-
sure, and mixes with the air in the combustion
chambers. Ignition occurs first in the cham-
bers containing. the spark plugs, and then in
the other chambers an instant later by way of
, ' sover tubes. High-pressure
combustion gases and _coolant air pass through

.the. exhaust ‘nozzle diaphragm and strike the

i

‘The 'turbine . wheel ,,
the coupled turbine and compressor-rotor shatts

turbine blades at the most effective angle,
Part of the .energy of the exhaust stream is
abgorbed  by. the turbine, resulting in a high
rotational speed. . The remainder is -thrust,
transmits . energy ‘through
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~ tional fuel.

to operate the compressor. Once started, com-
bustion is continuous.

The afterburner is an important part of jet
fighter aircraft, but has limited application in
guided missile propulsion. It was developed to
give additional thrust when needed for short
periods of time, as in launching or during a
steep programmed climb.

The additional thrust is obtained by burning
additional fuel in the tailpipe section. That
portion of the air which gerved only as a
coolant for the main combustion chambers is
sufficient to support combustion of the addi-
The added thrust is large, but the.
overall efficiency of the turbojet decreases
because the specific fuel consumption isgreatly
increased. During a missile launching, an
afterburner could provide approximately 30%
increase in thrust; when the missile reaches a
speed of 600 mph, an afterburner can increase
its thrust by from 70% to 120%. :

The thrust augmentation by afterburning
increases substantially with increase in flight
speed. At about Mach 2 speed, the thrust is
2.5 times as great as that without afterburning.
However, the specific fuel consumption is
roughly three times asgreatas without the after-
burner. Thisdisadvantagedecreases with speed,
go that at Mach 8 or 4 and higher, the after-
burner engine is more efficient than the simple
turbojet engine. An afterburning engine must be
provided with a variable area discharge nozzle
and for supersonic speeds it should alsohavean
adjustable inlet diffuser. ‘ '

Turbojets with an afterburner are called
turboram jets. ‘They are not used in any of our

guided missiles, but supersonic missiles also-

take advantage of the ram air pressure at high
speeds. The thrust of the turbojet decreases
with increasing altitude, but it is nearly constant
over a speed range of from 0 to 650 mph for a
given altitude. There is a slight increase in
thrust as speeds in excess of about 300mph are
obtained because of the benéeficial effects of ram
air compression. The specific fuel consumption
of aturbojet decreases with increasesin altitude.

" This, plus the fact that the thrust increases

slightly at high “speeds, places’ the optimum .:hol
o turbojet inthebigh-speed, "

operating point of th
high-altitude region. - -

" Three missilas of _the—l\_'ir;?qréé~"a._ir'§ turbo- :

jets—Matador, Mace, and Hound Dog. The Navy’s
Regulus, now béing phased out, 18 a turbojet.
" Turbofets ' are  well ‘suited to aircraft and

_miasiles because of their 1o fuel consumption,

In addition, the turbojet is capable of providing
sufficient static thrust to permit an aircraft or
missile to take off under its own power. The
disadvantages of turbojets (compared with other
types of jet engines) include the following:

1. They are large and bulky in comparison
to other types of jet engines.

2. They are delicate and complex mechan-
{sms with many moving parts.

8. Their maximum speed is inthelow super-
sonic range.

L

RAMJET

. A ramjet engine derives its name from the
ram action that makes its operation possible.
(This engine is sometimes referred to as the
athodyd, meaning aerothermodynamic duct.) It
is_the,simplest of the air-breathing propulsion
engines, and has no moving parts.

Ramjet operation is limited to altitudes below
about 90,000 feet because atmospheric oxygen
is necessary for combustion. The velocity that

" can be attained by a ramjet engine is theoreti-
cally unlimited. The faster a ramjet travels
-the more effectively it operates, and the more

thrust it develops. But its upper speed is lim-
ited, in practice, to about Mach 5.0, because
of frictional heating of the missile skin. The
major. disadvantage of a ramjet isthat the higher
the speed:at which it.is: designed: to- operate,

the higher the:speed to which it mustbe boosted

‘before automatic operation can begin.

Components of Ramjets

Basteally, a:ramjet. consists of a cylindrical
tubeopen. at’ both ‘ends, with 2’ fuel-injection
‘gystem- inside. From this, the term “flying
stovepipe” originated. Even though all ramjets
contain the same basic parts, the structure of
these parts must be modified to produce satis-
factory operation in the various speed ranges.

The;principal parts.of:a ramjet -engine are :a
dt#fiser> Section:” a:t combustion” chamber” that

exhiigt nozsle'(tig. 4-11).
7" The diffiiser:"section serves’ the same pur-
pose ' in the ‘ramjet as it does in the pulsejet.

‘contains; fue
e

It detfeasesthe :velocity: afid increases"the:

sSFessire; of -the 1Hcoming air, Since there is

no” wall or closed grill in the front section
‘of ‘i ramjet, the pressure increase of the ram
© ‘@ir. must be great enough to prevent the es\éape

tors, spark plugs and flame-
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Chapter 4—MISSILE PROPULSION SYSTEMS

of the combustion gases out the front of the en-
gine. Diffusers must be especially designed for
a specific entrance velocity, or predetermined
missile speed. In other words, the desired
pressure barrier is developed only when air
is entering the diffuser at the speed for which
that particular diffuser was designed.

The: combustion: chamber is.of ocourse the
area in which'burning occurs andhigh-pressure
gases -areigenerated. The fuel injectors are
connected to a continuous-flow fuel supply sys-

tem, adequately pressurized to permit fuel to .

flow against the high pressures that exist in the
forward section of the combustion chamber,
Combustion :is started by a spark plug; once
started,: it' 18 - continuous and self-supporting,
The flameholder prevents the flame front from
being swept too far toward the rearofthe engine,
thus stabilizing and restricting the actual burning
to a limited area. The flameholder also ensures
that the combustion-chamber tenperature will
.remain high enough to support’ combustion,

‘A .flameholder:1s -a metal.: grid ‘or shield
punctured :with-a- variety of sharpsedged holes
(usually ‘riot round), - designed:. t¢ ‘stabilize a
flame.:- Burning propellants tend to linger in
these holes and this ensures continuous ignition
of the injected fuel throughout the operating
cycle. Flameholders ire necessary;to prevent
“blowont
throughi; the"combustion-chamber. The config-
uration and location of ‘the ‘flameholders is a
crucial development problem in the ramjet,
The flame speed varies with different fuels,
but in general the flame ‘speed is slower than
the ‘air. speed through the combustion chamber.
The flameholders reduce the local air speed
to accommodate the slower flame speed.

- The-design and location of. the fuel injection
nozzles and the control system for fuel injection
are important to get the correct proportion
of air and  fuel mixture in the .combustion
chamber, oo ‘ ‘

The exhaust nozzle performs the same func-
tion as in any jet-propulsion engine, '

,TypesotRar}_njets_ $

latter may be low supersonicor high sqperggmc.-
lsubﬁbﬁié;@n‘liets SRR S

SAERHFIEE theretore o

RPPRTRELS

Ot the buriiing: fuel by the!air: rushisig

“forwardy;
 Ramjets:may-be:subsonic or supersonic; The .

* . combustion gases:that ‘escape . through: the ex-
-haust nozzle, -The unbalanced forcejconstitut_,e_s .

its own power. If fired at rest, highZpressure
combustion gases would escape out the front as
well as the rear, For satisfactory operation,
the engine must be boosted to a suitable sub-
sonic speed so that the ram air entering the
diffuser section develops a pressure barrier
high enough to confine the escape of combustion
gases to therear only. Figure 4-11A is a dia-
gram of a subsonic ramjet engine. Note the
simple tubular construction, and the openings
at front and rear. '

As ram air passes through the diffugser
section (fig. 4-11A) the velocity of the air de-
creases while the pressure increases, This
is brought about by the increase in cross sec-

tion of the diffuser, in accordance with Ber- -

noulli's theorem for incompressible flow. Fuel
is sprayed into the combustion chamber through
the fuel injectors. The atomized fuel mixes
with the incoming air, and the mixture 1s ignited
by the spark plug, As previously stated, burning
is continuous after initial ignition, and ngfurther
spark plug action is needed, '

The gases that result-from the combustion
process expand in all directions, as shown by
the arrows in the central part of the combus-
tion chamber (fig, 4-11A). Asthey expand in the

forward direction; thie.gases are stopped by.the

- bartier:-of ‘highipressure air and-the -internal

sloping ‘sides of-the: diffuser. section, as indi-
‘cated -in" the' diagram by ‘the ‘short; - wide black
arrows. - The only. avenue;of :ecape, remaining

. for.theicombustion gases'is through'the exhaust

nozzle,::and- ;here:-another.; important energy
-conversion “dbcur's:;s:'ljhe.‘gpre_s'"suxte_xe‘ner‘gy of the
combustion:gases 18’ i
gases enter the exhaust nozzle atless than the
local speed of sound. But, while they pass
through the convergent nozzle, the pressure en-
ergy of: the gases decreases and the velocity
increases up to the local speed of sound at the
exhaust nozzle exit. - )

orwardy and: rearward: directions: - The. bom-
bardment : of ‘combtustion ‘gases against the slo-

'ping sides ‘of the diffuser and.the ram-air bar-
rier exert. a force: 'in the forward direction,

This  forward: force -is: not balanced by the

i me'?m@a';mat' propels the ;xiissue; N,

A S Gt B S e A U i it 2 S PR o8 Bt e, 7t e 18Rt 5 Fas P red e T Ao b

onverted to'velocity, The

imbalance: of ‘forces:acting:in the .
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Supersonic Ramjet

The operation of a supersonic ramjet is the
same as that of a subsonic ramjet, with the
following exceptions. First, the supersonic jet
must be boosted to a supersonic speed. Second,
a higher pressure barrier exists in the super-
sonic engine, resulting ingreater thrust.

In order to operate, a low-supersonic ram-
jet must be boosted to a supersonic speed,
approximately equal to its operating speed, be-
fore ignition. When the forward speed of the
ramjet becomes supersonic, a normal shock
wave forms at the entrance to the diffuser
gection. The location of this shock wave is
shown in figure 4-11B. On the upstream side
of the normal shock wave, the free-stream air -
is moving at a low supersonic velocity.” As the
supersonic air passes through the shock wave,
its velocity drops abruptly to a subsonic value,
with a corresponding increase inpressure. Thus
the shock wave produces a sudden increase in
air pressure at the diffuser entrance. Ag the
compressed subsonic air flows through the
diverging diffuser section,an additional increase
in pressure and decrease in velocity occurs.

As in a subsonic ramjet, fuel is mixed with
the highly compressed air, the mixture is ignited

initially by a spark plug, and burning ts con-
tinuous thereafter. The potential energy pos-
sessed by the combustiongasesis convertedinto
kinetic energy by the exhaust nozzle.

The convergent-divergent nozzle shown in
figure 4-11B. allows the gases to exceed the
local speed of sound. - Therefore, with proper
design . modifications, the ramjet engine can
travel efficiently at supersonic speed. . _

Now, assume that we want to design a ramjet
that will travel at. higher supersonic speeds.
At speeds of around Mach 2.0, shock waves
formed at the diffuser: inlet are oblique (fig.
4-11C) rather than normal. Airvelocityinfront
of an-oblique shock wave. is high supersonic.
When supersonic free-streamair passes through
an oblique shock wave, an increase in pressure
and a decrease in Velocity occur, butthe velocity
is still, supersonic. - For example, air with a
free-stream ‘velocity of 1500 mph ‘may. pass
through ‘an: oblique- shock wave and still have a
velocity of-900 mph. Also, when supersonic air

- flows’ through divergent-type. diffuser sections, -
 .a8.shown infigures 4-11A and 4-11B'the velocity
“_" -of that air increases andthe pressuredecreases.
. Therefore, “the' diffuser’ '

upersonic -

diffuser. - design - for..high--
ramjets mist be.modifled gothat in -

progressing from diffuser inlet to combustion-
chamber entrance, the obliqueness of the shock
wave successively decreases until a normal
shock wave followed by subsonic flow is pro-
duced. ,

This energy transformation is achieved by
using a diffuser of the type shown in figure
4-11C. The diffuser centerbody decreases the
obliqueness of the shock waves, allowing super-
sonic air to flow inside the diffuser inlet.

As supersonic flow passes through the con-
vergent section of the diffuser, the velocity is
steadily decreased and the pressure corre-
spondingly increased. At some predetermined
point in the diffuser, atr velocity approaches
the sonic value and a normal shock wave forms.
As previously stated, when low=-supersonic air
flows through a normal shock wave, an abrupt
decrease in velocity and increase in pressure
results. The subsonic air produced by the
normal shock wave flows through the divergent
gection of the diffuser, where it undergoes an
additional velocity decrease and pressure in-
crease. Here again the diffuser has achieved

a pressure barrier at the entrance to the com-
bustion chamber. The exhaust nozzle shown in
the diagram is of the convergent-divergent type
designed to produce supersonic flow at the exit.

A ramjet is designed to operate bestat some
given speed and altitude. The pressurerecovery
process in a diffuser designed for oblique shock
waves .i8 more efficient than that in diffusers
designed for subsonic flow or single normal
shock waves. For that reason the ramjetengine
operates best at high supersonic speeds. To
attain this speed, a rocket or other type of
booster is used, and it is generally larger and
heavier than the ramjet itself.

VIO AP

‘This -enginels: ideally:suited'to long-range

shigh=speed/missiles; since:the thrust increases

with‘8peed, and-the rate-of fuel consumptionper
amit of thrust decreases with speed.

ROCKET MOTORS

* GENERAL

.. Unlike a jet engine, a rocket carries within
. itself all the mass and energy required for its
operation. It is independent of the surrounding
medium. .In a rocket, the chemical reaction

“in’higher temperatures, higher operating pres-
sures,’ and -~higher thrust development than i in

takes place at a very rapid rate. This results -
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

jet engines. Because of the high pressures
developed in rocket motors, the convergent-

divergent nozzle is used so that more of the

energy can be extracted from the gases after
they have passed the throat section. The basic
principles involved in the action of other jet-
propulsion units also apply to rockets. .

Depending on the physical state of the pro-
pellant used, rockets are designated as either
golid or liquid type.

A solid rocket has a short burning time,
simple design, heavy construction, and non-
intermittent operation. .It is therefore pri-
marily used for booster units, and as a power-
plant for relatively shori-duration, high-speed
missiles. Recent research seems to indi-
cate that solid fuels will have increasing future
applications in long-range missiles. The Navy's
Polaris (ICBM) is propelled by a solid-fuel
rocketo ‘ -

The liquid rocket unit has a longer burning
time, relatively complicated design, and in-
termittent operation possibilities. This system
has been widely used as a powerplant for high-
altitude, long-range missiles, and space craft.
" "To summarize, the more important char-
acteristics of all rocket engines are:

' 1. The thrust of a rocket is nearly constant,
and is independent of speed.

2. Rockets will operate in a vacuum, :

3. Rockets have relativelyfew moving parts.

4. Rockets have a very high rate of propel-
lant consumption. :

5. Burning time of the propellant inarocket
is Shorto - )

6. Rockets need no booster. They have full
thrust at takeoff; therefore, when rockets do
employ boosters it is for the purpose of reach-
ing a high velocity in minimum time. .

LIQUID-FUEL ROCKETS

.The major ‘components of a liquid-rocket
system are the propellant, propellant-feed sys-

tem, combustion chamber, igniter, and exhaust

" nozzle, ; The propellant-feed system is the only.
part which.has not been explained,in principle,

~ in the preceding sections of this chapter. Feed
- gystéms may be.of the '.plfgssure-feed -type-or .

the:mifeed; typeo s L ol o '_?/{:':

systems. In the stored-pressure system, air
or some other gas is stored under pressure in
the missile before launching. It is injected,
in controlled amounts, into the propellant stor-
age tanks, causing a pressurized flow toward

the combustion chamber. In a generated-.

pressure system, substances are carried within
the missile to generate the high-pressure gas
as it is needed. An exampleof such a substance
is hydrogen peroxide, which, when passed
through a catalyst, decomposes to form a high-
pressure vapor. This vapor is then injected into
the propellant storage tanks, .

Many other devices such as valves, regu-
lators, delivery tubes, and injectors, are nec-
essary for the successful operation of either
gystem.’

Figure 4-12 shows the general relationship

. of the various major parts of a stored-pressure
feed system. In the system shown, airis stored

under pressure.. The hand-arming valve is
opened manually, just before launching. This
allows the system to be pressurized up to the
motor-start valve. The air-pressure regulator
decreases the pressure to the desired value
requircad for operation of the system components.
Mogt liquid-fuel rocket systems.use higher
pressure than shown in the {llustration. Also,
instead of air, a light, inertgas, suchas helium,
is used. This permits weight reductionandalso

‘eliminates a fire and explosion hazard which is

present with pressurized air. Nitrogenalso may
be used because it is fire-safe; tanks may be
pressurized to about 2000 psi. The pressure
on the fuel and oxidizer tanks has to be greater
than the pressure in the combustion chamber,
but much less than in the nitrogen flask. Re-
ducing valves are’used to reduce the pressure.

The motor-start valve is electrically oper-
ated. It is opened from a safe distance after
all personnel have clearedthe immediatelaunch-

ing area. Pressurized air or inert gas enters

and pressurizes the fuel and . oxidizer tanks.
These tanks must be made of material that 18

not affected by the respective propellants. In -
‘addition, they must be strong enough to with-
-stand the ‘added pressure.. At the same time
-that the propellant tanks are pressurized, air
‘also - enters - the' hydraulic accumulator and -
_pressurizes the hydraulic fluid. (Pressurized
. nitrogen may: be used to open the fuel valve, or
.~ other flow" control, may be used ‘instead of
i -..hydrauli¢: control,): - The hydraulic fluid dis-
4 - places the pistonin the propellant valveactuating
ylirider; “which -in¢ turn opens “the propellant

ey St -y s bt S T
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AIR STORAGE TANK

200 PS|

valves. Fuel and
flow through the
which regulate the flow so that: the correct
mixture ratio is maintained. These orifices
are simply restrictions in theline, andare flow- .

checked prior to installation,

HAND ARMING VALVE

AIR PRESSURE
II'gLAWR

MIXTURE ORIFICES REGENERATIVELY

COOLEOLIQUID
ROCKET

PROPELLANT
VALVES

ACTUATING

CYLINDER
MoTO

Figure 4-12.~8Stored-pressure féed system of a liquid rocket.

oxidizer, under pressure, now

respective mixtures orifices,

In some cases

the injectors perform this operation, andorifices
are not necessary. The propellantsareatomized

by thé injectors.
‘pellant. in some sy,
the ‘walls of the

. Note that the oxidizer (pro-
stems)first circulatesbetween
combustion - chamber before

- passing through the cutoff valve. This action is
called regenerative cooling. It makes possible

-~ the use. of -thin-walled ' combiistion chambers
. "(reducing the’ weight). ‘The fact that the engine

18 cooled permits longer burning than if it were

not * cooled,:~ ‘A

propellant ‘is- preheated- before - injection into -
the combustion chamber, whic} _
compléte’ combustion and greater ‘Telease of
‘heat energy. ‘Otherimgtpqu‘o;'qoplmg are'also

In use. Threé ge

A further : advantage- is that the

ling

ACCUMUL ATOR

ich results’in niore - ‘

* . Pump-feed

are ‘plants’ design

. ethods of cooling ocket . gellants; an
; ‘Tegenerative (men- ' rate-of:

.......

HYDRAULIC

144.23

Figure 4-13A sketches the main parts of a
generated-pressure system.
duced by chemically reacting a liquid or solid
propellant at a steady, uniform rate. Note
that there 1c a return flow from the combustion
chamber to the chemical pressure system.

Pump-Feed Sy"stem

The pump-feed system (tig. 4-13B) is nearly
the same as the pressure-feed system, except
that the pressurized flask is replaced by pumps
which force the propellant and oxidizer into the
combustion chamber.. To power the pumps, a
steam generating plant may be provided to oper-

Aate-a turbine which in turn“drives. the pumps.
‘This.system .has the advantage of having light-

weight tanks but,is, of course, more complicated
than the pre'sb;nrejfeqq_jays‘tpm._,: PR -
ystems - are used,’

The gas is pro-.

th ﬁﬁwéi' ,
burn’ large -volumes of pro- -
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purpose (turbine-pump system), or the turbine

wheel may receive its power from the exhaust

gases of a rocket motor (turbo-pump system).

*. Figure 4-13B illustrates the major components

of a liquid fuel rocket that-uses aturbine pump-
feed system. = ' e

! . Because. pressure is felt only on the com-

| bustion chamber side of the pumps, the fuel and

oxidizer tanks can be of lighter weight than in

. pressure-feed- systems. A disadvantage -is that

the auxiliary .devicés and controls of a pump-

feed system are far more complicatedthanthose

" of a-stored-pressure-system. This complexity

eans that a complicated checkout isnecessary

and.the reliability islessened. . - -

.f: :!! 9“ % - ’ .
' combustion'chambers, it is im-
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Figure 4-13.~Liquid propellant. feed systems:
A. Geénerated pressure system; B, Pump-feed system.

A film-cooling procedure consists of low-
velocity ‘injection of a portion of the fuel,
oxidizer, or some nonreactive liquid into the
chamber at critical points. The fluid forms
a protective film on the inner walls, and ab-
sorbs heat from the walls as it evaporates. It
may be used in combiration with regenerative
coolingo . * .

Sweat (transpiration) cooling is achieved by
use of a porous chamber "wall through which
the liquid slowly flows. The evaporation of the
liquid from the surfaces ‘causes cooling of the
-gurfaces. It is used on aerodynamically heated
surfaces and combustion chambers. ‘

A look at.the names of missiles that use
1liquid-fuel rocket engines shows that most of
them are earlier day missiles or arebeingused
to boost space vehicles into orbit: Corporal,
‘WAC. Corporal, Centaur, Titan, Thor, Jupiter,

l ' ‘Redstone, Aerobee, Explorer, Gargoyle, Gorgon .

- 1I-A, . Navaho, Viking, Nike, Rascal, and Van-
2 guard‘ : 4

“gtages with solid. propellant. Thedevelopment of
-.a;prepackaged -1iquid-fuel ergine; as used ia
“Bullpup, -may be the:start of a trend to ‘the use

The:large missiles use one or more

‘ot Mquid i propellants.. . One  of: the :important

they-:could -

disadvantages of the liquid-fuel engines wasthat'. .
' d:not. e fueled.and stored for any - -
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length of time. The prepacking method may
overcome this handicap,

Description of Liquid Fuels

?

Earller in this chapter, liquid propellants
in general were described, and advantages and
" disadvantages were stated, Spectific fuels will
be.described here. ,
Aniline, hydrazine hydrate, and ethyl alcohol
are among the more commonly used liquid rocket
fuels. Aniline is an oily clear liquid with a spe-
cific gravity of 1,022. (Specific gravity of water
is 1.000.) . It has a boiling point of about 363°F
and a freezing point of about 21° F, On contact
with red fuming nitric- acid, it ignites spon-
tanously, - A fuel and oxidizer combination that
reacts in this manner is said to be HYPER-
GOLIC, This combinationwas successfully used
in the WAC Corporal, Corporal, Aerobee (sound-

ing rocket) and Gorgon II-A missiles, _
Hydrazine hydrate is a colorless liquid,
slightly heavier than water. Itis explosive when
its concentration 1s above 25%. Hydrazine hy-
drate gives a hypergolic ‘reaction with hydrogen
peroxide, —_— , :
. Ethyl alcohol is a:- clear liquid, lighter than
water, It is stable to shock and temperature
changes, It is readily available because of its
wide [commercl_gl' market in the chemical and
- liquof'- industries, - Ethyl alcohol (ethanol) has
a low heat value and a low vapor pressure,
For use in missiles it is commonly mixed with
distilled or deionized water, Methyl and fur-
furyl alcohols are also used for propellants,
Liquid “oxygen, Treferred-to as .LOX, and
various forms’of nitric acid, are imong the most
commonly ‘uged oxidizers:in: liquid: rockets.
Liquid’ oxygen is ‘made by Mquefying air and

boiling off the_nitroge :

other gases. This -

Liquid oxygen tends to react violently with
oll vapors, often causing them to burn spon-
taneously. Any bituminous materialg or petro-
leum products must be kept away from areas
where it 18 handled.

The extremely low temperature of liquid
OXygen causes water vapor from the surround-
ing atmosphere to collect and freeze on pipes
and valves. This is a serious problem, which
hag yet tc be fully solved. Liquid oxygen is
noncorrosive and nontoxic, but will cause severe
damage if it comes into contact with skin,

In spite of the many problems connected with
its manufactyre and handling, liquid oxygenisan
excellent propellant; itisthebest oxidizing agent
available. ‘

Nitric acid is used in several different -
forms as an oxidizer for liquid rockets. The
most commonly used and the most powerful of
these 18 RED FUMING NITRIC ACID (RFNA),
which consists of nitric acid in which nitrogen
dioxide is dissolved. It varies in color from
orange to brick red, and gets its name from
the reddish color of the nitric oxide fumes it
gives off. RFNA ig highly corrosive, and
stainless steel must.be used for storage tanks
and delivery pipes. 'Its high vapor pressure

presents storage and transfer problems. . The

fumes are extremely poisonous, and severe
burns result from bodily contaact with the
liquid, This oxidizer has been successfully
used with aniline, giving up approximately
63.5% of its oxygen content for combustion.
It is also used with kerosene, hydrazine, and
compounds of hydrazine. o ,
 Hydrogen peroxide is a colorless liquid
which, ‘in concentrations of from 70% to 90%,
may:.be'used as a monopropellant in guided
missiles. = When in contact with a suitable
catalyst (calcium permanganate, manganese di-
oxide, platinum, silver, and other materials) it
decomposes, forming steam and gaseous oxygen, -

- When 80% hydrogen peroxide decomposes, about
- 42% of the“total weight of the decomposition
 products is gaseous oxygen, Therefore, itisalso.

th such fuels as alcohol.
 third-use for hydrogen

urizing agent, The gaseous.
n-may be jettedagainst
drives fuel and oxidizer:
rbine shatt, . . .
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tried. among the most promising is nitrogen
tetroxide plus hydrazine. Nitrogen tetroxide
(N204) can be stored without refrigeration and
is not difficult to handle. Itisalso noncorrosive
to steel. Another good storable liquid fuel is
perchloryl fluoride, which is alsononcorrosive.

Fuels which have a higher heat energy than
the hydrocarbons are sometimes called exotic
fuels, or zip fuels. Boron compounds are fre-
quently the basic ingredient.

SOLID-FUEL ROCKETS

A solid rocket unit consists of the propel-
lant, combustion chamber, igniter, and exhaust
nozzle (fig. 4-14). :

The combustion chamber of a solid rocket
gerves two purposes. First,itactsasa stor-
age place for the propellant. Second, it serves
as a chamber in wihich burning takes place.
Depending on the grain configuration used,
this chamber may also contain a device for
holding the grain in the desired position, a
trap to prevent flying particles of propellant
from clogging the throat section, and rescnance
rods to absorb vibrations set up inthe chamber.

The igniter consists of a small charge of
black powder, or some other material that can
be easily ignited by either a spark discharge
or a hot wire. As it burns, the igniter produces
a temperature high enough to ignite the main
propellant charge. .

" The exhaust nozzle serves the samepurpose
as in any other jet-propulsion system. It must
be of heavy construction and/or heat-resistant
materials, because of the high temperatures of
the exhaust jet.

PROPELLANT

ELECTRIC IGHITER SQUIB

OO

SURNING
SURFACE

PROTECTIVE DIAPHRAGH

_ 144.25
Figure 4-14.—Components of a solid rocket
. - motor, with erd-burning grain.

Operation of a solid rocket ts stmple.
To start the combustion process, some form of
electrically detonated squib is ordinarily used
to ignite a smokeless or black powder charge.
Upon igniting, the powder charge provides suf-
ficient heat and the pressure to raise the ex-
posed surface of the propellant grain to a point
where combustion will take place.

Types of Solid Propellant Charges

Solid propellant charges are of two basic
types: restricted burning or unrestricted burn-
ing. A restricted-burning charge has some of
its exposed surfaces covered with an inhibitor
(tig. 4-14). This makes it possible to control
the burning rate by confining the burning area
to the desired surface or surfaces. The use
of inhibitors lengthens the burning time of the
charge, and helps to control the combustion-
chamber pressure. A burning cigarette can
be considered as a model of an inhibited rocket
grain, with the paper representing theinhibitor.

A restricted-burning charge is usually a
solid cylinder which completely fills the com-
bustion chamber and burns only on the end.
(tig. 4-15A)., The thrustis proportional to the
cross section area of the charge, and burning
time is proportional to length. The restricted
burning charge provides relatively low thrust
and long burning time. Uses of this type of

12.26

Figure 4-15.—8olid propellant grains: A. Re-

stricted burning; B. Restrictedbored; C. Un-
restricted burning; D. Grain patterns.

»

RS s SN BN e B R N e e WY

eI o Sid e it e F O AN 0

PPN

LTI ml ML e




Chapter 4—MISSILE PROPULSION SYSTEMS

charge include JATO (jet-assisted takeoff)units,
barrage rockets, and sustaining rockets for
guided misstles,

A  modification of the restricted burning
charge is the bored restricted charge (fig. 4-
15B). Themain difference isthat the longitudinal
hole in the charge provides somewhat more
burning surface and thus a higher thrust and
shorter burning time. :

Unrestricted-bumlng charges are permitted
to burn on all surfacesatonce. The unrestricted
grain delivers a relatively large thrust for a
short time. An unrestricted burning charge
is usually hollow, and burns on both the outside
and inside surfaces (fig. 4-15C)., Thrust is
again proportional to the burning area. Since
the inside area increases while the outside
area decreases during burning, it is possible
to maintain a nearly constant burning area,
The burning time of hollow grains depends on
the web thickness—the distance between the
inside and outside surfaces. This typeof charge
is commonly used ir booster rockets,

It should be clearly understood that in both
the restricted and unrestricted burning charges,
the burning rate is controlled—there is no
explosion. Controlling the burning rate ofa solid
propellant has always presented a problem to
rocket designers. You will recall that one of
the properties of an ideal solid propellant
would be that it igniie and burn evenly. The
burning rate may be controlled in several ways,
One is by means of inhibitors. An inhibitor
is any substance which interferes with or re-
tards combustion. The lining and the washer
shown in figure 4-15 are examples of inhibitors.
Another way that burning is controlled is byuse
of various grain shapes. Examples are the
shapes gshown in the lower part of tigure 4-15D, -

. Resonant burning or ‘“chugging’’ may be offset
by the use of resonance rods, These metal or -
plastic rods are sometimes included in the
combustion chamber to break up regular fluctu-
ations in the burning rate and their accompany-
ing pressure variations. The purpose of the
various designs is to maintain a constant
burning area while the surface of the grain is
being consumed, -

Until recently, a serious -disadvantage of
the solid propellant had to do with the problem -*
of ‘dissipating the extreme heat of combustion.

One way this has been overcome is by use of
the internal burning grain, Since the
pProcess actually takes place within the grain,

Vi
{245

the outer portion of the grain provides a Shield
between the intense heat and the combustion

chamber wall until the grain isalmost complete-
ely consumed.

Burning Rate of Solid
Propellant Graing

The burning rate of a solid propellant
is the rate at which the grain is consumed; it
is- a measure of linear distance burned, in
inches per second, in a direction perpendicular
to a burning surface.

As stated earlier, thrust depends on mass
rate of flow and the change in velocity of the
working fluid. For large thrust, a large burn-
ing area is necessary in order to yield a
large mass flow. A smaller burning area
produces less mass flow and less thrust.
Therefore, by varying the geometrical shape
and arrangement of the charge,. the thrust

* developed by a given amount of propellant in a

-given combustion chamber can be greatly in-
fluenced. _

The burning characteristicsofa solid propel-
lant depend on its chemical composition, initial
temperature, combustion-chamber temperature
and pressure, gas velocity adjacent to the
burning surface, and size and shape of thegrain,
One propellant grain may burn ir. such a way
that the burning area remains constant, pro-
ducing constant thrust. This type of burning is

known as NEUTRAL BURNING, End-burning
propell ains are of this type. Another im-
portant neutral-grain design is the uninhibited, -

internalJexternal burning cylinder (tig. 4-15C),
which is used where a short-duration thrust is
needed, as in bazooka type rockets. The pro-
pellant burns so rapidly that heating of the
chamber walls is not excesstve.

Another type of grain increases its burning
area as burning progresses. In this case,
PROGRESSIVE BURNING ig taking place. Thrust
increases as the burning area increases. Still
another grain may show a constantly decreasing
burning area as burning progresses. This ig
called DEGRESSIVE BURNING, It results ina
decreasing thrust. Various star-shaped per-
forations (fig. 4-15D) can be used to give
neutral or degressive burning characteristics,
but dcsign changes can make them progressive
burning. :

Propellant grains are often formed by ex-
trusion; these, of course, are installed in their
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

cases after forming. But certain types of com-

posite propellants, bonded by elastomeric fuels, -

can be cast directly in the rocket chamber,
where the binder cures to a rubberand supports
the grain by adhesion to the chamber walls.
This is called case-bonding. ‘

It’ permits full use of the chamber space.
Most high-performance rockets are made by
this technique.

Description of Solid Propellants

One limitation of solid propellants ts sen-
sitivity to temperature. The initial tempera-
ture of a grain noticeably affects its perform-
ance. A given grain will produce more thrust
on a hot day than it will on a cold day. The
percentage change in thrust per degree Fahren-
heit temperature change is referred to as the
temperature sensitivity of the propellant. A
grain designed to produce 1000 pounds of
thrust at 80° F may deliver only 600 pounds
of thrust at 30° F. The initial temperature
also affects the burning rate. Because of
these characteristics, solid propellants must
be stored in areas of controlled temperature
until they are used.

Temperature also affects the physical state
of solid-propellant grains. At extremely low
temperatures, some grains become brittle and
are subject to cracking. Cracks increasé the
burning area and burning rate and therefore
increase the combustion-chamber pressure.
If this pressure exceeds that for which the
chamber was designed, the chamber may ex-
plode. A propellant exposed to high tempera-
ture before firing may lose its shape, and
become soft and weak. This, too, results in
unsatisfactory performance. The temperature
range for most solid propellants is from about
25° F to 120° F. Correct storage temperature
retards the decomposition of propellants that
contain nitrocellulose (almost all of them do),
which inevitably deteriorate with time, in spite
of the addition of stabilizera.

Pressure limits play an important part in
solid propellant performance. Below a certain
chamber pressure, combustion becomes highly
unstable. Some propellants will not spstain
combustion at atmospheric pressure. Ordi-
narily, chamber pressure for solid propellants
must be relatively high. Fora given propellant
composition and burning area, the chamber

pressure is determined by the area of the ex-
haust nozzle throat. 1If the throat area is too
large, for example, proper chamber pressure
cannot be maintained. '

Decomposition and hygroscopic tendencies
are other weaknesses of solid propellants, but
both can be minimized by the use of certain
additives. Change in the moisture content
changes the gaseous energy output of the pro-
pellant with unpredictable results.

Some of the more common propellants are
discussed below. The chemical formulas of
some of them are given, to show the carbon
and/or hydrogen content, and the oxygen con-
tent of the oxidizers.

One of the first solid propellants used was
BLACK POWDER. Its approximate compost-
tion is:

Potassium nitrate (KN03) 61.6%
Charcoal (C) 23.0%
Sulphur (S) 15.4%

Both charcoal and sulphur react readily with
oxygen. Potassium nitrate, as shown by its
formula, contains large quantities of oxygen.
The three ingredients are thoroughly mixed,
using some substance such as glueoroil asa
BINDER.

Wren heat is applied to black powder, the

potasc:am nitrate gives up oxygeix. The oxygen

reacts with the sulphur and carbon, producing
intense heat and large volumes of carbon
dioxide and sulphur dioxide. These two gases
make up the major part of the exhaust jet.
The heat produced by the reaction gives high
velocity to the exhaust gases. Black powder
has a specific impulse of about 85 Ib-sec/1b.
One of its drawbacks is that it is quite sensi-
tive to storage temperatures, and tends to
crack. Its exhaust velocity ranges from 1500
to 2,500 feet per gecond. It is now used pri-
marily for signal rockets, and as an igniter
for other solid-propellant grains.

BALLISTITE is a double-base propellant;
it contains two propellant bases, NITROCEL-
LULOSE and NITROGLYCERINE., 1t also con-
tains small amounts of additives, each per-
forming a specific function. A STABILIZER
absorbs the gaseous products of slow decom-
position, and reduces the tendency to absorb
moisture during storage. A PLASTICIZER
gerves as a binding agent. An OPACIFIER is
added to absorb the heat of reaction and pre-
vent rapid thermal decomposition of the un-
burned part of the grain. A FLASH DEPRES-
SOR cools the exhaust gases before they escape
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Chapter 4—MISSILE PROPULSION SYSTEMS

' to the atmosphere, thus breventing a burning- ADVANCED PROPELLANTS AND
tail effect. A typical bailistite composition is PROPULSION SYSTEMS

; Nitrocelluloge The need for greater specific impulse and
i C24Hq0090(NO3) 51.38% (propellant) higher energy propellants, particularly for usein
g Nitroglycerine space flights but =150 for missile use, has stim.
C3Hsg(NO3)3 43.38% (propellant) ulated research. The achievements of other
Diethylphthalate 3.09% (Plasticizer) nations have spurred our own efforts in this
Potassium nitrate 1.45% (flash de- field.- The future of space flight is closely
pressor) dependent upon propellants that yield far higher
Diphenylamine 0.07% (stabilizer) energy and impulse than are available from
Nigrosine dye 0.10% (opacifier) combustion of chemical propellants,

Thus far, we have discussed only combustion
Ballistite has a specific impulse of about of chemical propellants, liquid and solid, as a
210 1b-sec/1b, Its exhaust is relatively smoke- source of emergy. It is possible to get energy
less, Storage temperatures between 40°F and from chemical propellants by free radical (mo-
120° F are hecessary to prevent rapid decom- lecular fragment) recombination, or by exo-
position. The ingredients of ballistite are thermic decomposition (controlled explosion)._ :
subject to detonation, and are toxic when they Free radical propulsion is still in the research !
come in contact with the skin. The manufac- stage and it may take a long time to yield !
turing process ts difficult and dangerous, practical results, As for exothermic decom- -
Galcit consists of about 25% asphalt-oil position, at the present time no material is
mixture, which serves as both fuel and binder, available that releases sufficient energy upon
and 75% potassium perchlorate (K 0104), which  controlled decomposition to make it preferable
serves as an oxidizer. In itg. finished form, to combustion systems. Further research may
Galcit resembles stift paving tar., Recom- change this, o
mended temperature limits for firing are 40°F Experiments have been made in the use of
to 100° F. The Specific impulse of galcit is  solar energy and arc-heated or electric sys-
about 186 lb-gec/1b. It is quite gtable to tem- .teme, but thus far, their low efficiency has
perature; storage temperature limits areminus made them impractical. Progress in the tield
8° F to 120° F. Galeit is relatively easy to  of direct power conversion or large improve-
manufacture. It is nonhygroscopic—that is, it ments in conversion efficiency could change
does not absorb motsture, Its major disad- thig, A solar-heated system uges the radiant
vantage is that its exhaust develops dense energy of the sun. An electric system uses the
clouds of white smoke, It is only about one- acceleration of charged atoms, molecules or
fifth as sensitive to temperature changes as particles in electric fields. If the particl.s ,
ballistite, but it becomes brittle at low tem- are atoms or niolecules, the system is an fon i
peratures and soft at high temperatures, (or tionic) system; if they are solid particles
. NDRC propellants were developed through or droplets, the system is a charged particle
research sponsored by the National Defense system,
Research Committee. A typical composition '
consists of about equal parts of ammonium pic- NUCLEAR.POWERED ROCKETS
rate and sodium nitrate (46.5% each), and 7% ' ;
resin binder (usually urea formaldehyde). This Considerable research anddevelopment work
propellant has good *isrmal stability, It is ig being done to achieve theuseof nuclear power
hygroscopic, and must therefore be stored in for missile propulsion, A nuclear powerplant :
sealed containers, Heavy smoke developsinthe would greatly increase both the speed and !
exhaust gases, range of missiles. Presgent propulsion sys- ;
Bolid propellnnt rockets are particularly tems would become obsolete as major power-
adaptable to shipiaard uge, They are easily plants for long range missiles or for space
stored and ready for immediate use. Sogreat flights., But they may still serve as boosters
have been the improvements in solid propel- for takeoff and initial accelration, to prevent
lants in the past few years that they are now radioactive contamination of the launching area,
used in such long-range migsiles as the Navy’s - One of the main advantages in the uwe of
Polaris and the Air Force’s Minuteman, _ nuclear power is that it provides an almost
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

{nexhaustible source of heat. In a missile
propelled by nuclear energy, the fuel supply
would remain practically constant throughout
the flight. Enough ¢uel to start the reaction
would be enough for sustained operation. But
other material, such as water, is required
in the missile to absorb the heat developed by
the powerplant, and to be accelerated to produce
thrust.

The major problems confronting the engi-
neers are protecting the launching personnel
-from radiation damage, anddeveloping a nuclear
powerplant small enough to be carried in a
guided missile. Many years of extensive
technical development may be needed before
nuclear energy can be harnessed for use as
a missile powerplant. But the outlook is
proimising. |

Nuclear systems can be fission, fusion, or
photon systems. (A photon is a quantum of
electromagnetic energy.) A photon system uses
a source of light photons to develop thrust.
The only sufficiently powerful photon source is
the fusion process. There is much develop-
ment work yet to be done on this type of rocket
engine. Much greater advancement has been
achieved in the development of a nuclear fission
rocket engine than in fusion-photon systems.

Most of the research on advanced propel-
lants is being done for use in space “flights.
Significant reduction in weight and size require-
ments may- be achieved and may make new
propulsion methods applicable to guided mis-
siles as well as space ships..

HYBRID PROPULSION

‘A hybrid engine consists of a liquid oxidizer,
va golid fuel, and its associated hardware. The
liquid oxidizer is valved into a chamber con-
taining the solid propellant. Ignition is usually
hypergolic.” Neither of the propellants will
support combustion by itself in a true hybrid
rocket. The ¢ ‘mbustion chamber is within the
solid grain, as in a solid-fuel rocket; the liquid
portion is in a tank with pumping elements as
in a liquid-fuel rocket. This type is-‘sometimes
called a _forward hybrid to distinguish it from
a reverse hybrid, in which the oxidizer is golid
and the fuel is liquid. Figure 4-16 is a slj‘etch

co .
oL NOZZLE
LIQUID {[t soup FueL
o Ao
OXIDIZER ':.'—'? ---------------
B
GAS
GENERATOR
144.26
Figure 4-16.—Sketch of a hybrid
propulsion engine.

of the elements of a simple forward hybrid en-
gine. Combustion takes place on the inside
surface of the sulid fuel, after the liquid fuel is
injected, and the combustion- products are ex-
hausted through the nozzle to produce thrust as
in other rockets. Nozzle systems and vector
control methods are the same as in other re-
action engines. Variable thrust is achieved by
varying the flow of the liquid oxidizer. Thrust
termination and restart are accomplished by
shutting down and re-opening the oxidizer flow
system.

Missiles which use a solid-fuel booster and
a liquid engine, such as the Talos, are not
‘hybrids; the propellants do not interact.

The biggest advantage of hybrids is the
ability to use reactions denied to other pro-
pulsion systems. A second advantage is that
high density can be achieved, with concurrently
good specific impulse (Igy). The third great
advantage is safety. The solid grain is inert.
Nofmal grain defects do not affect performance.
A malfunction in combustion isunlikely—excess
lquid and a badly cracked solid grain could
cause a pressure surge, but the chances of both
defects occurring together is small.

Although research and development have
been carried on in several areas since the
1950’s, there are still many problems to be
solved before a hybrid engine can be used in
missiles. European research apparently is
‘ahead of ours. A successful hybrid launching
was made in France on 25 April 1964. Re-
search and development work is continuing in
the U.S., but much of it is classified.
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CHAPTER 5

MISSILE CONTROI. COMPONENTS AND SYSTEMS

INTRODUCTION
GENERAL

This chapter will introduce some of the

numerous devices that may be used to control

the flight of a guided missile. We will discuss
basic types of control systems: pneumatic,
pneumatic-electric, hydraulic-electric, and
electric. Throughout the chapter we will-deal
with general principles, rather than the actual
design of any specific missile, _

Chapter 2 described the external control
surfaces of guided misstles, such as wings,
fins, elevators, tails, and tabs, and described
the effects of natural forces acting upon them.
The use of internal mechangsms such as jet
vanes and fixed jets was described briefly and
lllustrated. This chapter tells how the control
surfaces are controlled to keep the misstle in
its proper attitude on its ordered trajectory.

DEFINITIONS

Guidance and control are sometimes spoken
of as if they were one and the same. They are
two parts of the problem of getting the missile
to the selected target after it isfired. The main
reason for controlling a missile in flight is to
gain increased accuracy for long ranges.

A migsile guidance system keeps the misstile
on the proper flight path from launcher to
target, in accordance with signals recetved
from control points, from the target, or from
other sources of information. -The missile,
control system keeps the missile in the proper
flight attitude. Together, the guidance and
control components of any guided missile deter-
mine the proper flight path to hit the target,
and control the missile so that it follows this
determined path. They accomplish this ‘‘path
control’”’ by the processes of (1) TRACKING, in

which the positions of the target and the missile

are continuously determined; (2) COMPUTING, V

in which the tracking information ts used to
determine the directions necessary for control;
(3) DIRECTING, in which the directions are
sent to the control units; and (4) STEERING,

“which is the process of using the directing

signals to move the missile control surfaces
by power units. The first three processes of

path control are performed by the guidance -

system, and steering is done by the control
system. .

In order for these processes to be accom-
plished the missile’ must be in stable flight,
The control of missile stability is called ATTI-
TUDE CONTROL, and is usually accomplished
by an AUTOPILOT, which isapartofthe control
system.

Flight attitude stabilization is absolutely
necessary if the missile is to respond properly
to guidance signals. When the control system
determines that a change in missile attitude is
hecessary, it makes use of certain controllers
and actuators to move the missile control sur.
faces. The guidance system, when itdetermines
that a change in missile Course is necessary,
uses these same devices to move the control
surface. Thus the guidance and control systems
overlap. For convenience, we will assume that
the controllers and actuators are a part of the
control system, rather than the guidance sys-
tem. We can therefore say that the output
signals from the guidance system are put into
effect by a part of the control system. The input
signal represents the desired course to the
target. The missile control system operates

- to bring the missile onto the desired course, If

there is a difference between the desired flight
path and the one the missile s actually on, then
the control system operates to change the posi-
tidn of the misstle in space to reducethe error.

To summarize: the missile control gsystem,
discussed in this chapter, is responsible for
missile attitude control. The guidance system,
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

discussed in chapter 6, is responsible- for
missile flight path control. Let us not forget
that missile guidance and missile control are
part of the overall weapons control sSystem
which includes the weaponsdirection systemand
the fire control system, linked by communica-
tion systems, all working together to get the
missile to the target. Radars (and sonars) for
detecting and tracking targets, and computers
are part of the fire control system. The speed
of modern aircraft and missiles makes com-
puters a practical necessity to compute target
speed, target angle, etc., ‘in time to align the
launcher and missile and send the missile to
intercept the target. The weapons direction
equipment is a roomful of electronic equipment
that includes a target selection and tracking
console, director assignment console, weapon
assignment consoie, and guided missile status
indicator. This chapter will not discuss the
operation of any of the ahove equipments; it
will tell only how they affect the behavior
of the missile in flight.

PURPOSE AND FUNCTION: .
BASIC REQUIREMENTS

The first requirement of a control system
is a means of sensing when control operations
are needed. The system must then determine
what controls must be operated, and in what
way. In an airplane, the pilot checkshis instru-

ments or visually observes angular and linear

movement. On the basis of his observations,
he repositions the control surfacesas necessary
to keep the plane where he wants it.

Since there is no pilot in a guided missile
to note these movements, we install devices
that will detect them. It isimportantto mention
here that some guided missiles do not detect
linear movement while others do. All guided
missiles detect angular movement. This will
be explained clearly in the chapters which dis-
cuss the various types of guidance. The control
system is made up of geveral sections that are
designed to perform, insofar as possible, the
functions of a human pilot. To accomplish this
purpose, the control surfaces must function at
the proper time and in the correct sequence.

After a missile hasbeenlaunched, it receives
certain controlling orders called guidance sig-
nals.. The guidance signals may originate from
an external point or from within the missile
itself. To respond to the guidance signals, the
missile must ‘“know’’ two things: it must con-
tinuously ‘‘know’’ information regarding its
movement, and it must continuously ““know’’ the
positions of the control surfaces.

Figure 5-1 shows a simplified blockdiagram
of a missile control system. As mentioned be=-
fore, not all of these components will be ‘n the
missile itself. The location of some of'i . com=
ponents varies with the type of guids:: e used
by the missile.

DEVICES FOR -
DETECTING
MISSILE ;
MOVEMENT £
CONTROL SURFACE
MOVEMENT INFORMATION JET CONTROLS
UkMaTION ERROR SERVO
- oAl SIGNALS | MECHANISHS
GUIDANCE SIGNALS

OEVICES

pRObUCE
GUIDANCE
SIGNALS

" COMTROL SURFACE OR

i

JET CONTROL POSITION
\ INFORMATION

DEVICE FOR DETECTING
CONTROL SURFACE OR
JET CONTROL POSITION

'33.59

Figure 5-1.—Simplified missile control system.
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Chapter 5—MISSILE CONTROL COMPONENTS AND SYSTEMS

FACTORS CONTROLLED

Missile course stability {8 made possible by
devices which control the angular movement
(also called rotational movement) of the mis-
sile about its three axes. The three flight
control axes are shown in figure2-7. These are
the pitch, yaw, and roll axes. Chapter 2 de-
scribes how missile control surfaces are used
to maintain the stability of the missile in flight.
The second type of movement called translation,
includes any LINEAR movement of the miusile.
For example, a sudden gust of wind or an air

pocket could throw a missile a consicerable

distance off the desired trajectory without
causing any significant angular movement. If
you have ever flown inan airplane, this should
be fairly easy to understand. Ifthe plane hits an
air pocket, it may drop several hundred feetbut
still maintain a straight and level attitude, Any
linear movement, regardless of direction, can
be resolved into three components: lateral
movement, vertical movement, and movement
in the direction of thrust. Thus, in addition to
the three angular degrees of movement, we have
three linear degrees of movement. A missile
in flight can therefore be said to have six
degrees of movement.

METHODS OF CONTROL

We have discussed missile control from the
standpoint of moving the missile control sur-
faces. Since some operational guided missiles
function at extremely high altitudes where
control surfaces are not effective (due tolowair
density), other means of correcting the misstle
flight path have been devised. The basic con-
cepts of -missile control—without the use of
control surfaces—are outlined in chapter 2.
These are the exhaust or jet vanes placed
in the jet stream of the propulsion system
(tig. 2-18B); fixed jets placedaround the missile
(tig. 2-18A); and the movable jet (tig. 2-18C),
which is a gimbaled engine mounting. (The
gimbaled arrangement is not unlike that uged to
permit universal movement of a free gyro.)

The engine is mounted so that its exhaust

end is free to move and thus direct the exhaust
gases in a desired direction. :

The gimbaled engine mounting does not give .

full control about all three axes. It cannot
control roll. To get control on all axes, two

gimbal-mounted jets can be positioned as shown
in figure 2-18C. Both jets mustbe free to move - -

- 1&8 e |

in any direction, and each jet must respond to
signals from any of the three control channels
(pitch, roll, and yaw).

A control system using four movable jets is
shown in figure 5-2. Each jet turns in only one
plane. Two of the jets, #1 and #3, control yaw,
Jets 2 and 4 control pitch, and all four jets are
used together to control roll..

The first stage of Polaris A3 uses four
movable nozzles to control pitch, yaw, and roll
of the missiie. The actuators, which are moved
by hydraulic power, are connected directlytothe
rotatable nozzles. Control signals are received
from the electronics package in the missile.

The second stage of Polaris A3 uses a fluid
injection system in which pressurized Freon is
injected: into one or more of four tixed nozzles,
upon signal from the electronics package of the
missile. Two injector valves are mounted dia-
metrically opposite each other on each motor
nozzle. Older mods of Polaris use jetevators
(see chapter 2) to control missile movement,

Positions of the jets are controlled by hy-
draulic cylinders linked to the engine housing.

One cylinder and linkage is required for each -

engine. The direction in which hydraulic pres-
sure is applied is determined by an actuator.

The signals produced by errors about the
missile axes of translation and rotation are com-
bined by the missile compt ter network to form

YAW PITCH

JETS 1 AND 3 CONTROL YAW

JETS 2 AND 4 CONTROL PITCH
ALL JETS CONTROL ROLL

ARROWS INDICATEJET MOVEMENT

33.180
Figure 5-2.—Control by four jets
' (aft view of missile).
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

correction signals. When these correction sig-
nals are applied to the controller mechanisms,
action of these mechanisms results in keeping
the missile in its correct flight path and at the
proper attitude.

TYPES OF CONTROL ACTION

The basic control signals may come from
inside the missile, from an outside source,
or both. To coordinate the signals, computers
are used to mix, integrate, and rate the sig-
nal impulses. In a missile control system, the™

remembering is done by integrating devicesand ™

the anticipation (of what to do next) is done by
rate devices. .

The computer network can be thought of as
the brain (or the pilot) of the missile. The
computer network takes into account guidance
signals, missile movement, and control surface
positions. By doing this continuously, it can
generate error signals. These signals cause
control surface movements, or a change in the
jet stream direction as described above, that
tend to keep the missile at its design attitude
and on its correct trajectory. Actually, a mis-
sile is rarely at its design attitude or exactly
on its prescribed trajectory. Likea ship, the
missile continuously yaws, rolls, and pitches,
and experiences movements of translation. The
computer network canbe compared tothehelms-

man on a ship. Both are always making cor-

rections. Seldom is either absolutely right.

The terms ‘‘error signal’’ and ‘‘correction
signal”’ are used almost interchangeably.
Strictly speaking, the signal that orders move-
ment of the control surfaces to correct errors
i{s a correction signal, It originates inthe control
section of the missile. Signalsthattell the com-
puter about deviations in flight path are error
signals and originate in the guidance system.
Since all of these signals concern errors they
may be called error signals.

An automatic control system of this type is
generally referred to as a SERVOMECHANISM,
discussed later in this chapter.

The job of a computer in a fire control sys-

tem is to convert available information such as
speeds, locations, and ballistic data, into re-
quired information such as fuze settings, and
missile orders. It does thisbyuseof a complex

of components and devices that makeupthecom- °

puter network. According to their manipulation
of control signals, they may be classed as: -

MIXERS.—The mixer combines guidanceand
control signals in the correctproportion, sense,
and amplitude. In other words, a correction
signal must have the correct proportion to the
error, must sense the direction of error, then
apply corrections in the proper amplitude. v

PROPORTIONAL.~The proportional control

operates the load by producing an error signal
proportional to the amount of deviation from
the control signal produced by a sensor.
. RATE.-Rate control operates the load by
producing an error signal proportional to the
speed at which the deviation is changing. This
output is usually combined with a proportional
signal to produce the desired change in mis-
sile attitude or direction.

These are not names of single components,
but rather, they designate the type of action
performed by one or more components in the
gystem, -

TYPES OF CONTROL SYSTEMS

Regardless of which method of trajectory
control is used, whether by movement of con-
trol surfaces; jet vanes, movable or fixed jets,
movable or fixed nozzles, or fluid injection,
all must use some source of pcwer to make
the movements. Thispower isinitially produced
by hot gases, compressed or high pressure atr,
or electrical means. The power is transmitted
from the supply sources to the movable controls
by PNEUMATIC, ELECTRICAL or MECHANI-
CAL means, or by using a HYDRAULIC trans-
fer system in conjunction with the sources men-
tioned above.,

Before getting into the details of specific
types of control, let us first take a general
look at several possible controllers and com-
pare some of their advantages and disadvan-

tages.

A pneumatic system whichdepends ontanks of
compressed air is obviously limited in range.
Since air or any other gas is compressible,
the movement of a pneumatic actuator is slow
due to the time it takes to compress the air
in the actuator to a pressure sufficient to move
it, Hydraulic fluid is practically incompress-
fble and will produce a faster reaction on an
actuator, especially when the actuator must
move against large forces. Thus, large, high
speed missiles are controlled by hydraulic
actuators.
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Chapter 5—MISSILE CONTROL COMPONENTS AND SYSTEMS

A hydraulic system ‘normally weighs more
because it necds a pump, reservotr, and accu-
mulator. Also, a hydraulic system {s.hard to
maintain, requiring filling and bleeding opera-
tions.

At the high altitudes at which most missiles
are intended to fly, temperature and pressure
are severely reduced. This has an effect on
any type of control system. At extremealtitudes
hydraulic fluid may be useless due to severe
changes in its viscosity. Air bubbles in metal
parts may expand and create malfunctions, High
altitude lubrication of mechanically moving
parts must be -onsidered. Changes of tempera-
ture also affect the operationofelectronicparts.

Very few missiles have been designed which

do not have some part that operates by elec~
tricity. The use of an all electric control
system would place all the equipment, except
the propulsion unit, within the electrical field.
This would simplify manufacture, assembly,
and maintenance. Also, it would be easier to
transmit information or power to all parts of
the missile by wires, rather than by hydraulic
or pneumatic tubing. Disadvantages of all-
electric control systems will be discussed later
in this chapter.

An all-mechanical control system in a mis.
stle is not very probable. In an all-mechantcal
system, error information would be transferred
from a mechanical gsensor by some mechanical
means such as a gear train, cable, rotating or
sliding shaft, or chain linkage. This linkage
would then connect to the correcting devices
such as control surfaces or movable jets. In
addition, any computing devices in the system
would also be mechanical.

The major disadvantages of a mechanical
control system are that too much power would
be required to move the necessary (and heavy)
gear trains and linkages, and the fact that in-
stallation of an all-mechanical system would
be extremely difficult inthe small space allotted,

To gain advantages and offset disadvantages
of the different types of control, combinations
are used, suchas pneumatic- electric, hydraulic-
electric, hydraulic-mechanical, or others.

ENERGY SOURCES ,
s
Missiles contain auxiiisry power supply
(APS) systems in addition to the main engine
required for thrust, The APS systems pro-
vide a source of power for the many devices
required for successful missile flight, Some of

L A65 .
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the APS gystems rely on the main combustion
chamber as the initial source of energy. Others
have their own energy sources completely sepa-
rate from the mainpropulsionunit. Whatever the
initial source of energy, APS systems may be
placed in two broad categories—STATIC and
DYNAMIC. In the static systems energy is
used in the same form in which it is stored, In
the dynamic systems energyis changed from one
form to another by a conversion unit.

System Requirements

Before taking up specific systems, there are
several general requirementsfor an APS system
that we will mention briefly. First, the system
must be able to deliver the necessary power
during all conditions of missile flight. Second,
the system must be able to respond quickly and
accurately to demands made on it. Third, the
system must be of mintmum size and weight con-
sistent with the requirements it must meet.
Fourth, the system must be durable enough to
withstand long storage under severe conditions.

STATIC SYSTEMS.--As previously men-
tioned, the static APS gystems use energy in the
same form in which it is stored. For example,
the electrical energy in a storage battery may
be used directly to operate solenoids. Com-
pressed air also may be used directly to op-
erate control system components. Static sys-
tems require no rotating machinery for energy
conversion. .

DYNAMIC SYSTEMS.—In dynamic systems
energy is changed from oné form to another.
For example, the potential energy in compressed
air may be changed to electrical energy through
an air-driven turbine and electric generator.
The same is true of combustiongases taken from
either the main combustion chamber or a sep-
arate auxiliary combustion chamber. Liquid
fuel may be tapped off the main propulsion fuel
tank and used to drive an auxiliary engine.

Auxiliary Power Supply Unit

The components of the auxiliary power supply
may be packaged as a unit. The unit includes a
separate and special generator, usually of the
gas turbine variety, used for the production
of on-board power. It can be either a solid
propellant or a liquid propellant hot gas gen-
erator that is duct-connected to a turbine which
in turn is connected by a shaft to an electric
generator. The turbine s an energy conversion
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

unit, converting potential energy to kinetic
energy. The Terrier BT-3 missile, for ex-
ample, has two hot-gas generators, each with
its package of solid propellant. The hot-gas
exhaust from one generator is fed to the mis-
sile’s turbohydraulic system and the other goes
to the turboelectric system. The Tartar mis-
sile has similar hot-gas generator systeras to
power the hydraulic and the electric compo-
nents of the missile. These hot-gas generators
provide a significant saving in space and ‘weight
over the compressed air system formerly used
in the Terrier missile. They are placed in the
aft section, near the tail, which is controlled
by the hydraulic system. All-electric systems
are planned to replace hot-gas generators.

Other power supply units, usually with a
battery source, are assembled as ‘‘package
units’’ that can be easily installed or removed
from the missile. . The Tartar missile, for
example, has five ‘‘wheels” in its electronic
section, each with its own power supply, so it
there is failure in one -‘‘wheel’”’ it does not
affect the operation of the others and the de-
fective one can be replaced without disturbing
the others. : .

These internal power supplies are not used
until after the missile is in flight. As long as
the missile is on tiie launcher, power is supplied
from the ship’s (cr atrcraft) power. (Talosuses
some of its internal battery power momentarily
before warmup power is applied onthe launcher.)

Not all missiles use hot-gas generators to
provide auxiliary power. The Talos missile
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has an air-driven hydraulic pump assembly

‘which uses air taken in through the diffuser

in the missile nose. The power system con-
sists of an accumulator, ¢ sumg, and the atr-

. driven hydraulic pump. .

Descriptions of sclid-propellant and liquid-
psopellant hot-gas aukiliary systems follow.

A BASIC SOLID PROPELLANT SYSTEM is
diagrammed in figere 5-3. It does not repre-
sent any specific auxiliary power supply system
now in use.

The projellant chamber or combustor con-
tains the propellant charge-a ballistite or re-
lated type of powder grain—-and a black-powder
igniter and squib, in a propellant train sequence.
After the squib is ignited (usually just before
launch) the propellant burns and evolves hot gas
to build up preasure in the chamber. The pres-
sure is regulated by a regulating valve, which
admits .ir to a gas turbine (either multiple- or
single-stage). Theturbineisgearedtoahydrau-
lic pump and pressure regwator andtoan alter-
hator. In the system disgprammed, hydraulic
fluid output goes direct to tne hydraulic servos
and other hydraulic system units, and is then
recirculated back to the pumps. Alternator
output goes direct to those units that requires
a-c, and through a rectifier and voltage regu-
lator to furnish regulated d-c. A flyball gov-
ernor fin principle similar to those on old-
fashioned stationary reciprocating steam
engines) may be used to governalternator speed
+o regulate a-c frequency and voltage. In one

TO HYDRAULIC
HYDRAULIC SYSTEM IN
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Figure 5-3.~Typical solid-propellant auxiliary power supply.
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-Chapter 5—MISSILE CONTROL COMPONENTS AND SYSTEMS

design; a separate turbine-driven rotor gen-
erates a current which is fed back to an in-
duction brake to regulate turbine speed.

In other designs, there is no hycraulic
pump; instead, the turbine exhaust charges an
accumulator to devélop hydraulic pressure,
If the system uses pneumatic actuators, com-
bustor exhaust may be led direct to the actua-
tor control valves.

Both Terrier and Tartar hot-gas auxiliary
systems use a single stage, axial flow impulse
type turbine of the type shown in figure 5-4A,
In this turbine, the gases expelled through the
nozzles are not reversed in direction, but make

- only one pass through the turbine blades. Ina

Terry turbine (fig. 5-4B), the products of
combustion are led through a gas manifold
ring and pass through the nozzles. The gases
then impinge at high velocity on the semi-

circular recesses (buckets) milled into the.
‘periphery of the wheel.

In passing through
the buckets the direction of flow is reversed

180 degrees. The gases are then caught by a

semicircular reversing chambe: in the casing,
where they are again reversed 180°and returned
to the wheel. Theprocess isrepeatedfive times
through a 90° ar: of the turbine housing, after
which the gasesare exhausted. Reversing the hot
gases several times gives a multiple-stage
effect, thereby using moreofthe potential energy
in the gases.

The electrical, mechanical, and hydraulic
components discussed here may, of course,
be used equally: well with liquid-fueled gas
turbines.

A BASIC LIQUID PROPELLANT SYSTEM is
shown in figure 5-5. High-pressure inert gas
flows from the gas flask through the arming
vaive and the pressure reducer valve, The
arming valve is tripped just before launch,
The gas flows into and inflates the fuel tank
bladder. The fuel tank (fig. 5-6) consists of a
metal tank with a plastic bladder inside it, The
fuel (in this case concentrated Hy0y—hydrogen
peroxide) is stored in a metal“tank, As the
pressurized gas fills the bag at a regulated rate
the fuel is forced out of the tank at a corres-
ponding rate. A check valve prevents a return
fuel flow and transmission of pressure waves

from the decomposition chamber to the fuel tank,
The throttle valve regulates fuel flow to e
decomposition catalyst tank, When the fuel

comes into contact with the decomposition
_atalyst (NaMnOj—sodium permanganate) it

breaks down into free oxygen. (O5) and steam.,

(Other chemical changer take place, too, butthis
is the main power-producing reaction.) Theheat
energy produced in this process is as much as
can be used efficierily in small turbines; hence
there is no needtoburnthe free oxygen produced
by thedecomposition of the peroxide. The turbine

33.45:.48
Figure 5-4.—~Turbines used in auxiliary power
supply (APS): A. Impulse turbine; B, Terry
turbine. ’
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PRINCIPLES OF GUiDED MISSILES AND NUCLEAR WEAPONS

MK PRESSURIZED GAS
=S LIQUID FUEL

' 144.28
Figure 5-5.~Basic liquid-propellant auxiliary

power supply.

drives a hydraulic pump and electrical genera-
tors much as in the solid propellant unit.

Because the shaft speed of the turbine is so
very high it is necessary to use a set of reduc-
tion gears betweén the turbine and the alterna-
tor and the hydraulic pump.

AUXILIARY SYSTEMS USING OTHER
POWER SOURCES,—One Navy missile used the
main engine’s propellant to drive an auxiliary
power unit. This was Corvus, now obsolete,
in which a small gas turbine was used to drive
the engine’s fuel and oxidizer pumps. The
auxiliary power supply of the Regulus was
driven by the main engine (turbojet) of the mis-
sile. In Talos, an air-driven turbine drives the
hydraulic pump which pressurizes the hydraulic
fluid use. to operate the external control sur-
faces. During the boost phase, accumulators of
high-pressure nitrogen supply the pressure to
the hydraulic fluid.

ACCUMULATORS are used for storing high-
pressure inert gas (such as nitrogen) in some
missiles. This arrangément is one of the two
types of static power units to be found in Navy
missiles, The arrangement for fuel feed de-
scribed above for liquid-propellant auxiliary
powermppﬂesumetyplcalmeﬂaodofusmg

such an
valve the

to operate coutrol surfaces.

aerodynamic .
CHEMICAL BATTERIEButilize chemical re- -

actions to develop d-c voltages. Common dry
cells and lead-acid storage batteries arefaniil-
far to every one. lgunepowermuesrely on

energy sorage unit, Another is to
gas directly into pneumatic cylinders

. less common types tecause of their lower weight

per unit energy storage, longer shelflife, better
voltage characteristics; greater sturdiness, and
resistance to extremes of temperature. The
types used are silver-zinc, nickel-cadmium
(so-called ‘“Edison” type), and mercury. The
first two are technically secondary or storage
cells that can be recharged, while the last is
a primary type that cannot be easily recharged.
However, in the necessarily narrow vocabulary
of missile and space specialists, any chemical
battery is considered a primary type if it is
intended to be used once only, regardless of
its nominal rechargeability.

The silver-zinc battery, which required the
addition of the electrolyte (potassium hydroxide
solution) at the time the power was needed, has
been largely replaced by a nickel-cadmium
battery which can be recharged. The need for
a viable battery in the missile has motivated
much research, and decided improvements have
resulted. While the batteries in a missile will
be used only once, when the missile is fired,
they may be in position in the missile a long
time before this event. Long' storage life and
rechargeability are two important qualities.
The newer type nickel-cadmium batteries have
both of these. While their shelf life is good for
gseveral years, to be absolutely sure of full

GAS INLET

'Figure 5-6.~Fuel tank in 1iquid-propellant
auxiliary power system.
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Chapter 5—MISSILE CONTROL COMPONENTS AND SYSTEMS

battery power, the battery is removed from each
missile every 30 days and is completely re-
charged. In this way, there is always a fresh
battery in the missile. These batteries can be
recharged 200 to 300 times,

In some missiles, mercury batteries are
used ingtead of the old type dry cell batteries
where a small voltage is desired,

Another type of battery which is tnert until
activated 18 one in which the electrolyte isin
solid form until shortly before the misgsile is to
be launched. Thebattery will not develop an out-
put voltage unless the electrolyte is in liquid
form, In this arrangement, a detonating voltage
is transmitted to a squib in the battery just be-
fore launch. The squib ignitesa chemical heating
mixture; this causes the electrolyte to liquefy
and the battery is energized.

This type is called a thermal battery be-
cause it requires heat to cause it to activate,
Its storage life is indefinite, either in or out of
the missile. Another advantage is that it does
not have caustic or acid electrolyte that can
spill out and be a hazard.

The fuel cell {8 a type of chemical battery
unlike primary and storage batteries of the kind
discussed above. In fuel cells, electric current
is produced directly from oxidation of a fuel, or
from a similar chemical reaction. The reaction
is speeded by a catalyst; platinum is used at
present, but search is continuing for a cheaper
catalyst. So far no fuel cell has been developed
to a point whexe it has been adopted for use in a
Navy missile, but it is likely that some such
development will come in the relatively near fu-
ture, Successful experimental fuel cells have
been produced which use hydrazine fuel with
Ooxygen as the oxidizer. A hydrogen-oxygen cell
is specified for the two-man Gemini flights,
Fuel cells wili also be used for. the Apollo moon
flights, .

OTHER TYPES OF BATTERIES,.—At least in
theory, batteries of types other than chemical
can be used in guided missiles for auxiliary
power supply. Atthepresent writing, solar cells
have been used Successfully to power satellite
sensors and data transmitters, but so far they
have not been employed in guided missiles.

A solar battery converts the energy of
light into electric energy. The most common
solar cell is a silicon photovoltaic céll; selen-
fum cells are also used. Temperature has a
considerable effect on the output. Contrary to
the usual effect, the output goes up asthe temp-
erature decreases. .

Nuclear power cells similar to thosge devel-
oped experimentally by the Atomic EnergyCom-
mission’s SNAP program might also be used in
missiles, althcugh atpresent this seems unlikely
because of the anticipated high cost of such units
and because their principal characteristics do
not seem to meet the requirements of missile
systems. Specifically, nuclear cells character-
istically . can produce a fairly constant current
over a period of years, but inthefr present state
of development require substantial shielding.
Satellites require a reliable power supply over a
prolonged pertod, but missiles do not, and the
penalty of either radioactive hazard or heavy
shielding seems like an unnecessary one to pay
80 far as missiles are concerned,

In use, batteries eitfbr feed d-c directly to
electronic and electrical units that requireit, or
drive alternators to furnish a-¢, D-¢ motor-
driven hydraulic pumps furnish hydraulic fluid
under pressure. (A battery can also drive a
vibrator-type a-c supply.)

REQUIREMENTS OF A MISSILE-CONTROL
SERVOSYSTEM

» We mentioned before that the missile contro)
. 8ystem is a servomechanism, In performing its

function, a servomechanism takes an order and
carries it out, In carrying out the order, it
determines the type and amount of difference
between what should be done and what 1s being
done. Having determined this difference, the
servomechanism then goes ahead to change
what is being done to what should be done, In
order to perform these functions, a servo-
mechanism must be able to:

1. Accept an order which defines the result
desired, h

2. Evaluate the existing conditions,

3. Compare the desired result with the
existing conditions, obtaining a difference be-
tween the two.

4. Issue an order based on the difference so
as to change the existing conditions to the desir-
ed result,

8. Carry out the order.

For a servomechanism to meet the require-
ments just stated, it must be made up of two
systems-—an error detecting system and a con-
trolling system. The load, which is actually
the output of the servo, can be considered part
of the controller.
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

By means of servosystems, some propertyof
a lcad is made toconformtoadesired condition.
The property under control is usually the po-
sition, the rate of rotation, or the acceleration
of the load. The system may be composed
of electrical, mechanical, hydraulic, pneumatic,
or thermal units, or of various combinations of
these units. The load device may be any one of
an unlimited variety; a missile control surface,
the output shaft of an electric motor, and a
radar tracking antenna are a few typical ex-
amples. : -

DISCONTINUOUS AND CONTINUOUS
CONTROL

The simplest formgof control can be {llus-
trated by the elemental'y circuit shown infigure
5-7A. The circuit contains a source of power,
a switch, or controlling device; and an un-
specified load. The elements are connected in
series. When the switch is closed, energy flows
to the load and performs useful work; when the
switch is opened, the energy source is dis-
commected from the load. Thus, the flow of
energy is either zero or a finite value de-
termined by the resistance of the circuit.
Operation of this general typeis called DISCON-
TINUOUS CONTROL..

In figure 5-7B, the circuit is modified by
gubstitution of a rheoatat for the switch; and
the circuit now provides CONTINUOUS CON-
TROL. By displacing the rheostat contact,
the circuit resistance is varied continuously over
a limited range of values. The energy expended
in the load is then varied over a corresponding
range rather than by intermittent, or on-off
action as in discontinuous control. Both these
simple examples represent a fundamental prop-
erty of control systems in general: the en-
ergy required to control the system is small

1
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33.60
Figure 5-7.~Elementary control eircuit:
A, Discontimious control; B, Continuous control.

compared with the quantity of energy delivered
to the load.

OPEN- AND CLOSED-LOOP
SERVOSYSTEMS

In the examples givenabove, the power source
i{s controlled directly by manual adjustment of a
switch or of a rheostat. In more complicated
servosystems, control signals are applied to
the power device by the action of an electrical
or a mechanical device rather than by manual
means.

Automatic servosystenis can be divided into
two basic types: open-loop and closed-loop
systems. The essential features of each are
indicated by the block diagrams in figure 5-8.

in both systems, an input signal must be
applied which represents in some way the de-
sired condition of the load.

. In the open-loop System shown in figure 5-8
A, the input signal is applied to a controller.
The controller positions the load in accordance
with the input. The characteristic property of
open-loop operation is that the action of the
controller is entirely independent of the output.

The operation of the closed-loop system
(tig. 5-8B) involves the use of followup. The
output as well as the input determines the
action of the controller. The system contains
the open-loop components plus two elements
which are added to provide the followup function.
The output position is8 measured and a followup
signal proportional to the output is fed back for
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thilre $-8.~Basic types of automatic servo-
systems: A. Open-loop; B. Closed-loop.
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Chapter 5—MISSILE CONTROL COMPONENTS AND SYSTEMS

comparison with the input value. The resultant
is a signal which is proportional to the differ-
ence between input and output. Thus, the system
operation is dependent on inputand output rather
than on input alone.

Of the two basic types, closed-loop control
(also called followup control) is by far the more
widely used, particularly in applications where
speed and precision of control are required.
The superior accuracy of the closed-loop sys-
tem results from the followup function which is
not present in open-loop systems. The cloged-
loop device goes into operation automatically
to correct any discrepancy between the desired
output and the actual load position, responding
to random disturbances of the load as well

as to changes in the input signal,

CONTROLLABLE FACTORS

The missile control system is actually a
clogsed-loop servomechanism in itself. It is
able to detect roll, pitch, and yaw, andit is able

to position the movable control surfaces in ac-
cordance with this attitude information. It ig
very important that you understand that the
control surfaces are not positioned on the bagis
of attitude information alone. It is again pointed
out that movement information, guidance sig-
nals, and control surface position informa-
tion are continuously analyzed in the computer
network. The correction signals are contin-
uously generated on the basis of all this infor-
mation.

OVERALL OPERATION

Before studying the individual components
of the missile control ‘system, let us take a
brief look at the operation of the gystem as a
whole. Figure 5-9 shows the basic missile

- control system in block diagram form. You

will notice that the system is shown in con-
siderably more detail than that in figure 5-1,
Free gyroscopes provide physical (spatial) ref-
erences from which missile attitude can be
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Figure 5-9.-Basic misstle control system.
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

determined. For any particular missile at-
titude, free gyro signals are gent from the
gyroscopes to the computer network of the
missile.

. These signals are proportional to the amount
of roll, pitch, and yaw at any given ingtant.
After these signals have been compared with
other information (for example, guidance sig-
nals), correction signals result. The correction
signals are orders to the controller to position
the control surfaces. The purpose of the
amplifier is to build the weak correction sig-
nals up to sufficient strength to cause actua-
tion of the controller. As in any closed-
loop servosystem, followup information plays
an important role. A foilowup mechanism con-
tinuously measures the positions of the control
surfaces and relays signals back to the com-
puter network.

External Followup

In addition to the internal followup which
is actually measured by a mechanism, we can
think of the missile’s movement detecting de-
vices as providing an external followup feature.
The fact that the gyroscopes continuously de-
tect changing missileattitude introducestheidea
of external followup. This i8 represented by
the dotted line in figure 5-9.

—
COMPONENTS OF MISSILE CONTROL
SYSTEMS

Figures 5-1 and 5-9 have named parts of a
missile control system and some of the com-
ponents have been discussed. The components
may be grouped according to their functions.
They cannot be strictly compartmentalized as
they must worktogether and there is overlapping.
Devices for detecting missile movement may
be called error-sensing devices. The amount
and direction of error must be measured by a
fixed standard; reference devices provide the
signal for comparison. Correction-computing
devices compute the amount and direction of
correction needed and correction devices carry
out the orders to correct any deviation. Power
output devices amplify the error signal, but the
prime purpose is tobuild upa small computer
output dpnltoavﬂuegreatmwwente.‘
the controls. The use of feedback loops pro- °
vides for smooth of the controls.

‘Do not confuse the missile control system

_wlﬂl the weapons control system. The weapous

direction system and the fire control systems
and their related components comprise the
weapons control system. These shipboard
equipments control all weapons aboard, includ-
ing guns, missiles, and torpedoes. The mis-
sile control systems are in the missile, and
may receive direction from shipboard equip-
ment.

REFERENCE DEVICES

In order to determine errors accurately,
the complete control system must have refer-
ence values built in. The system is then cap-
able of sensing a change, comparing the change
to a reference, determining the difference, then
starting a process that will reduce the differ-
ence to zero.

The reference units in a missile control
system are of three kinds--voltage references,
time references, and physical references.

PURPOSE AND FUNCTION

The reference device (comparison device,
fig. 5-8) provides a signal for comparison with
a sensor signal, so that equipment inthemissile
will ““know’’ when the missile hasdeviatedfrom
the desired attitude. The reference section is
connected to the computer section. It the
reference section were omitted from the con-
trol section, the computer would be unable to
compute error signals.

TYPES OF REFERENCE

The three types of reference signals will be
described separately to showhow eachtype func-
tions in the complete control system.

Voltage

In some control systems, the ERROR SKi-
NALS are in the form of an a-c voltage which
contains the two characteristics necessary to
make proper corrections in the flight path.
These are the amount of deviation, and the
direction of sense of the deviation.

The amount of deviation may be indicated by
the amplitude of the error signal so that, as
the deviationincreases, the amplitude increases,
and if the deviation decreases, the amplitude
decreases. Therefore, when the missile attitude
has been and there is no longer a
deviation, the error signal amplitude drops to
gero.

12
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The direction of deviation may be carried
by the a-c signal as a phase difference with
respect to the phase of a reference signal,
Only two phases are required to show direc-
tion of deviation about any one control axis.
When a phase-sensitive circuit, such as a dis-
criminator, {s used to compare the error
signal withthe a-creference signal, thedirection
of error ig established and the output contain-
ing this information is fed to other control
sections.

In most cases, the a-c reference voltage is
the a-c power supply for the control system. It
also furnishes the excitation voltage for the
sensor unit that originates the error signal.

The controller unit (fig. 5-1) usually re-
quires a d-c signal, which must include the
information contained in the original error
signal. The amplitude of the d-c signal shows
the amount of deviation. The direction of de-
viation is indicated by the polarity of the d-c
signal. To keep the d-c signal from becoming
so large that it would cause overcontrol, a
limiter circuit is used. Limiters require a
d-c reference voltage, and function as a part
of the reference unit.

Time

The use of time as a reference is familiar
to everyone. One common application is in the
automatic home washer. A clock-type motor
drives a shaft, which turns discs that operate
electric contacts. These contacts close control
circuits that operate hot- and cold-water valves,
start and stop the water pump, change the
washer speed, spin the clothes dry, and finally
shut off the power, Each operation runs for a
specified time interval. This kind of timer can
be used for certain missile control operations,
A timer may be used to atart a variety of con-
trol functions. Sometimes a timer is used
strictly as a safety device. -

Timer control units vary considerably in
physical characteristics and operations. All of
them require an initial, or triggering, pulse.
Since all timers in a complete system are not
triggered at the same time, each must have fts
own trigger. This is usually an eleétrical
signal. Itmaybefedtoant!noldwh_ieh
mechanically triggers the timing device. . _

electrical, and pneumatic tinters
are used in missiles. The principles are ap-
plicable to most variations you will run across.

The use of timers in guidance systems is de-
scribed in the chapters on the different types
of guidance.

MECHANICAL TIMERS.—The mechanical
timers used in guided missiles are generally of
the clock type, and are verysimilar in operation
to amechanicalalarm clock. The ordinaryalarm
clock can be set for a time delay up to twelve
hours. The timers used in guided missiles can
usually be set only for timedurations in seconds
or minutes. As with the alarm clock, the me-
chanical timer in a missile recetves its power
from a compressed spring. Since the timers
used in missiles are not normally started until
the missile is inflight, it isnecessaryto provide
some type of triggering mechanism to initiate
the timing operation. Usually the mechanism
consists of a linkage which s actuated by ener-
gizing a solenoid.

It is also possible to trigger timers by the
use of other timers. For example, a §-minute
timer could trigger a 1- or 2-minute timer.

ELECTRICAL TIMERS.~Two types of elec-
trical timers are commonly used inguided mis-
siles. These are motor timers and thermal
timers. In either type, the triggering isdone by
an electrical signal, and thetime interval begins
when the trigger voltage is applied.

MOTOR TIMERS,.~Figure 5-10 illustrates
the principle of the motor timer. A voltage is
applied to the motor to cause it to rotate, The
speed of the output shaft is reduced by a re-
duction gear calibrated in accordance with the
amount of time delay required. The switch will
be opened or closed by the output shaft, depend-
ing on the particular functionunder control. The
output current could be applied toagyro torquer
or a throttle valve. By the addition of several
items, the timer may be made to recycle itself
as shown in figure 5-11. The automatic clutch
in the figure releases the actuating arm when
the arm makes contact with the microswitch,
The spring returns the arm to its initial posi-
tion and the cycle is repeated. Another method
of releasing the clutch uses mechanical means,
In this type, a linkage between the actuating
arm and the clutch would perform the same
function as the electrical release signal.

The length of time required for the actuating
arm to travel from the starting position to the

pohuwhmconhctumadeuthedelaytimeo! .

the unit,

THERMAL TIMERS.-Another triggering
method involves the application of an electrical
signal to a heater coil which heats a bimetal

e
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Figure 5-10.—Principle of the motor timer.
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Figure 5-11.—Moftor timer with automatic recycling feature,

strip and causes it to bend, thus opening or
closing electrical contacts. This method maybe
more familiar when you contemplate the opera-
tion of a typical thermostat like the one found in
the home. .

Thermal delay tubes and thermal relayshave
been used extensively to perform time delay
functions. These timers have a great advantage
over the electrical timers in the ease with which
they recycle themselves; however, they are not
as accurate as the electrical timérs. Figure
5-12 shows a thermal delay tube. Its compo-

nents are bimetallic strips, a heating coil,

and a set of contacts.
When a voltage is applied, the
heating coil heats ONE of the bimetallic strips.

As the temperature rises, the stripdeformsand

tacts is determined by the contact spacing, the
temperature characteristics of the metals in
the strips, and the characteristics of the heater
coil. The delay time is preset by the manu-
facturer; the assembly is then placed in a tube-
type enclosure, and the air is pumped out of
the tube. This type of construction (electron
tube) prevents any adjustment of the timedelay.

PNEUMATIC TIMERS.—Pneumatic timers
operate on the basis of the time required for a
quantity of compressed air to escape through a
needle valve. The opening in the needle valve
can be adjusted (time adjustment, fig. $-13). The
smaller the orifice, the longer it will take the
piston to come down far enough to close the
contacts.

There are two general types of pneumatic
timers-piston and diaphragm.
. . PIBSTON TYPE TIMERS.~Figure S-13A
shows the operation of a piston type pneumatic
timer. This type of timer is often employed
immediately on launching a missile. The suddien
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: ' 33.124
Figure 5-12.—Thermal delay tube.

acceleration of the missile at launch causes the
inertia block to move in the direction indicated,
This releases the catch, and the timer isthen in
operation, Compressed air under the felt
washer is permitted to escape through thepreset
opening of the needle valve. As the plunger
moves down, due to the decreasing air pressure
and the force of the spring, the contacts come
closer together. After the proper time delay,

* the contacts will meet and the output circuit will

be energized, causing actuation of some mecha-
nism in the missile.

DIAPHRAGM TIMERS.—Another type of
pneumatic timer is the diaphragm timer shown
in figure 5-13B. The same princtple is involved
with this timer as with the piston type. Prior
to being put into operation, the solenoid is
energized, thus holding the core and spring
in the position shown. At this time, the leather
diaphragm lastretehednothatairiaper—
mitted to enter the inlets. When the solenoid
is deenergized, the spring will force the piston
upward, closing the air inlets. The air will
then be forced to escape at a preset rate
through the needle valve. As with the piston
type timer, a function in the missile will be
actuated when sufficient air escapes to allow
the contacts to meet.

Physical References

There are a number of references for missile
control systems other than the voltage and time

A

classifications we have discussed. Theremain-
ing types have been grouped under theheading of
physical references. They include gyros,
pendulums, magnetic devices, and the missile
airframes. They may be compared to bench
marks, or fixed positions from which measure-
ments can be made.

GYROS,—~Although gyros are physical ref-
erences, they are discussed under the heading
of sensors. The gyro rotor in itself cannot
determine missile attitude information, Pick-
offs must be used in conjunction with gyros to
determine missile attitude information. The
gyro pickoff system can gense any change in
missile attitude with respect to the gyro.

Pendulum

The pendulum may be used to establish a
vertical reference line in a guided missile,
Any object within the earth’s gravitational pull
is attracted directly toward the center of the
earth. If a weight is suspended on a string,
the weight will come to rest in such a way as
to cause the string to represent the direction
of the true local vertical. This principle finds
a common application in the carpenter’splumb-
bob,

Some gyros are precessed to a vertical
position by a pendulum device called a ‘“pendu-
lous pickoff and erection system.” The com-
plete gyro system is called a vertical gyro;
it may ‘be used to measure the pitch and roll of
a missile.

MAGNETIC DEVICES.~Magnetic compasses
have been used for centuries to navigate the
seas. The compass enables a navigator to use
the lines of flux of the earth’s magnetic field
a8 a reference. A similar device, known as a
“flux valve” s used {n some missile control
systems. - Its primary purpose is to keep a
directional gyro aligned with a given magnetic
heading. The directional gyro can then be used
to control the yaw of a missile.

A bar magnet will attempt to align itself
in accordance with the direction of the earth’s
magnetic field. When the bar is aligned ina

. north-south direction, it may be used as a
_reference to determine bearings around it.

MISSILE AIRFRAME.—The airframe of the

‘missile must be used for certain references,

For . example, the movement of flight control
surfaces cannot be referenced to the vertical,
or to a given heading, because such references
change as the missfle axes change. Therefore,

3
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" Figure 5-13.—Pneumstic timers: A. Piston type poeumatic timer; B. Diaphragm timer.
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movement of flight surfaces are referenced to the
misgsile airframe,

Synchro indicators can be used to indicate
the angular position of control surface with
respect to the missile airframe. A potentiom-
eter can be used in the same way by mounting
it on the missile airframe so that its shaft
will be driven by the flight control surface
movements,

SENSOR UNITS
GENERAL

The sensor unit in a guided missile control
system is a device used to detect deviation
from the desired attitude. In this section, we
will discuss the use of gyroscopes, altimeters,
and transducers as sensing units. Gyroscopes
are generally considered to be the basic sen-
sor unit in any missile control system. Other
types of sensors, such as altimeters and trans-
ducers, are classed as secondary units,

As mentioned above, the gyro itself is a
physical reference unit; the pickoff igthe sensor.

GYROS
One of the most important components of

The basic difference between the free gyro
and the rate gyro is in the way they are
mounted. Figure 5-14B shows a simplified view
of a roll rate gyro. Notice that the rotor is
mounted in single gimbals rather than the two
sets of gimbals which supported the free gyro.
This arrangement restricts the freedom of the
gyro rotor. When the missile rolls, the gyro
mounting turns about the roll axis (arrow A),
carrying the gyro rotcr with it. This causes

a force of precession at a right angle to the
roll axis, which causes the rotor to turn about
the pitch axis (arrow B),

Restraining springs may be attached to the
gimbals as shown. The force on the springs

GYRO FRAME

the missile control system is the gyroscope, or .

gyro. A gyroscope contains an accurately
balanced rotor that spins on a central axis.

Gyros used for missile control applications
are divided into classes: gyros used for stabi-
slzing (control) purposes and gyros used for
both guidance and stabilization. If turns or
other maneuvers are necessary, a third gyro
is required so that there will be one gyro for
each sensing axis.

A minimum of two gyros is necessary for
missile flight stabilization. Each gyro setsupa
fixed reference line from which deviations in
missile pitch, roll, and yaw are detected and
measured

These vertical and horizontal gyros arefree
gyros, that is, each is mounted in two or more
gimbal rings (fig. 5-14A) so that its spinaxis is
free to maintain a fixed orientation in space.

Inaddiﬂontothecontrolllgmlsfromﬂne
veruealandhorlzontalgyroa,vhlchmpro-
portional to the deviation of the missile
the desired attitude, a slgmlthatuprgport{x
to the rate of deviation 18 required for accurate
control and smooth operation. A RATE GYRO
(fig. s-un)mmumomomvuuonmm.

33.83:.11
- Fighre 5-14.—Gyroscopes used in missiles:
A. Free gyroscope; B. Roll rate gyroscope.
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would then be proportional to angular accelera-
tion about the roll axis.

Three ‘rate gyros are normally installed in
a missile to measure the accelerations about
the three mutually perpendicular missile axes.
When the input is torque and the output is pre-
cession, the gyro is called an integrating gyro.

Tae restraining force is viscous damping in- .

stead of a spring restraint. It may be a her-
metically sealed integrating gyro (HIG). Likea
rate gyro, it hasonlya singledegreeof freedom,
The restraining force is proportional tothe gyro
precession rate instead of displacement.

Basic Properties of Gyros

Gyroscopes have two properties which make
them useful in serving as space references in
guided missiles:

1. The gyro rotor tends to remain in a
fixed plane in space if no force is applied to it.

2. The gyro rotor has a tendency to turn at
a right angle to the direction of an outside
force applied to it.

INERTIA.—The idea of maintain\ng a fixed
plane in space 18 easy to show. When any object
i{s spinning rapidly it tends to keep its axis
pointedinthe samedirection, A toy top is a good
example. As long as it is spinning fast, it stays

 balanced on its point. It resists the tendency of

gravity to change the direction of its spin axis,
The resistance of the gyro against any force
which tends to displace the rotor from its plane
of rotation is called rigidity in space. It may
also be called gyroscopic inertia.
PRECESSION.~The second property of the
gyro is that its spin axis has a tendency to turn
at a right angletothe directionofa force applied
to it (fig. 5-15A). This characteristic of a gyro

'ig the cause of precession. Therearetwo types

of gyro precession: REAL and APPARENT.
Real precession is sometimes called INDUCED
PRECESSION.

DIRECTION OF GYROSCOPIC PRECES-
SION.~When a downward force is applied at
point A, the force is transferred through ?ivot
B (fig. 5-15A). This force travels 90° and
causes downward movement at C. This move-

ment at a right angle to the direction of the .

applied force is called PRECESSION. The force
associated with this movement (also at right
angles to the direction of the applied force)
called the FORCE OF PRECESSION. .
Figure 5-15B illustrates the direction of

precession caused by the application of a force .

tending to turn the rotor out of its plane of

PRECESSION
APPLIED

IugIGHT

- 33.64:.65
Figure 5-15.~-Gyroscopic precession: A. Ap-
plication of force; B. Direction of precession.

rotation. In the figure, a weight is attached to
the spin axis. This is in effect the same as
applying a force at pointX, The resulting torque
tends to turn the rotor around axis CD. But due
to the property of precession, the applied force
will be transferred 90° in the direction of rotor
spin, causing the rotor to precess around axis
AB, Thus, it may be seen that precession tends
to rotate the spin axis toward the torque axis,
This type of precession is called REAL pre-
cession.

A force applied to a gyro at its center of
gravity does not tend to tilt the spin axis from
its established position, and therefore does not

_ cause precession. A spinning gyro canbe moved
_4n any direction without precession, if its axis

can remain parallel to its original position in
space. Therefore, the gyro can measure only
those movements of the missile that tend to tilt
or turn the gyro axis.
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APPARENT PRECESSION,~A spinning gyro
on the earth’s surface willappear totilt (or pre-
cess) with the passage of time, Actually, the
spin axis does not tilt with relation to space;
the apparent precession is due to the earth’s
rotation. Figure 5-16 shows the gyro at the
equator with its spin axis horizontal at time
0000. The earth is rotating in the direction of
the arrow and is making one revolution in 24
hours. An observer in 8space would see that the
spin axis always points to the same position in
space while the earth rotates. But to an ob-
server on earth, the spin axis appears to tilt
45° every 3 hours. This is called APPARENT
PRECESSION,

In some missiles, apparent gyroprecession,
sometimes called apparent gyro rotation, ad-
versely affects flights of long duration, unless
some kind of compensation is used to keep the
gyro in a fixed relation to the earth’s surface,
The compensating mechanisms aregyro erection
and slaving circuits.

UNWANTED GYRO PRECESSION (DRIFT),~
Once the gyros are spinning in their proper
planes, they theoretically should remain in their
same relationships with space. Unfortunately
there are certain imperfections in the gyro-
scopes which result in a drift away from the
original planes of rotation. For example,
even the slightest imperfection in thegyro rotor
will cause some unwanted precession at high

: ' 270132
Figure 5-16.—Apparent gyroscopic precession.

rotor speeds, Rotor and gimbal bearing friction
is actually the main cause of gyro drift. The
problem of improved gyro stability has been
approached with a view toward reducing this
friction.

The main cause of random drift in gyros is
friction in the gimbal bearings. Energy is lost
whenever a gimbal rotates. The larger the mass
of the gimbal, the greater the drift from this
source.

Erection Systems

Some missiles are provided with compen-
sating mechanisms to keep the gyros in their
proper reference frames. These mechanisms
are a vertical gyro erection system, and hori-
zontal gyro slaving systems.

VERTICAL GYRO ERECTION.~A vertical
gyro erection system consists of a precession
sensor, the gyro, an amplifier, and a torque
motor. This system represents one of the many
secondary servoloops within a guided missile,
The precession sensor detects the deviation of
the gyro rotor from its proper plane of rotation.
The resultant electrical signal is amplified and
then used to drive a torque motor which pre-
cesgses the gyro back to its proper plane.

The precession sensor may consist of one
of the pickoffs described in this chapter. The
varying output of the pickoff will be determined
by the movementof a pendulous weight suspended
in the gyro housing. The movement of the weight
in seeking the local vertical results in corre-
sponding signals which would cause thegyroro-
tor to retain its proper plane of rotation.

HORIZONTAL GYRO SLAVING SYSTEMS.~
In some missiles, horizontal gyro slaving sys-
tems are used to keep the horizontal gyro rotor
aligned with a specific magnetic heading for a
portion, or for the duration of a missile flight,
This may be accomplished by the use of a flux
valve—a unit that senses the earth’s magnetic
field. The flux valve consists of an exciting coil
and three pickoff coils wound on a metal core,
The application of flux valves in guidance sys-
tems is discussed in the next chapter.

Improvements in Gyros

'Figure 5-17 shows two types of improved
gyros,
FLOATED GYRO UNIT.~A floated gyro unit

. (fig. 5-17A) is an example of the progress that

has been made in the development of more
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accurate gyros. In this gyro, the gyrohousing is
floated in a viscous damping fluid. Because of
the floating action, gimbal bearing friction is
greatly reduced. Thermostatically controlled
heaters may be included in the unit to maintain
the damping fluid at proper viscosity. Another
type of gyro uses a nonviscous fluid. It is known
as a position-integrating gyro. it is used ex-
tensively to control stable platforms.

AIR BEARING GYROS.~An air bearing gyro
is another example of a friction reducing device.
The gimbal bearing shown in figure 5-17B is
mounted in such a way that a cushion of com-
pressed air contimuously flows around thebear-
ing surfaces. Bearings using compressed airas
a lubricant are precision-machined so that the
clearance at the bearing surface is only about
.002 inch. When the air is flowing around the
:::ri’ng surface, friction is practically negli-

le.
compressed air may alsobe ported to the spin

DAMPING
FLUID GYRO DAMPING
HOUSING HOUSING FLUID

AIROUT

B :

Y

83.80:.81

Figure 5-17.—~Friction-reducing gyro units:
A. Flrated ;,yro unit; B. Air breathing gyro.

1

Although not shown in figure 5-17B,

axis bearings, thus minimizirg friction at these
points. Gases other than air may also be usei
for this purpose.

Use of Gyros in Missiles

While gyros have numerous applications in
many types of equipment, machinery, etc., we
will consider only their use in missiles.

FREE GYROS IN GUIDED MISSILES.~To

.mustrate how free gyros are used in detecting

missile attitude, let us first refertofigure 5-18.
Suppose that the design attitude of the missileis
horizontal, as shown in figure 5-18A. The gyro
within the missile has its spin axis in the ver-
tical plane, and is mounted in gimbals in such a
manner that a deviation inthehorizontal attitude
of the missile would not physically affect the
gyro. In other words, the migsile body can roll
around the gyro and the gyro will still maintain
its same position in space (fig. 5~-18B). Note
that the missile has rolled approximsztely 30°,
but the gyro has remained stable in space. ¢4
we could measure the angle between the rotor
and a point on the missile body we would know
exactly how far the missile deviated from the
horizontal attitude, Having determined this,
the control surfaces could then be positioned
to return the missile to the horizontal.

Actually, a minimum of two free gyros is
required to keep track of pitch, roll, and yaw.
The vertical gyro justdescribed canalsobeused
to detect missile pitch as shown in figure 5-
18C. To detect yaw, a second gyro is used with
its spin axis in the horizontal plane and its
rotor in the vertical plane. Yaw will then be
detected as shown in figure 5-18D.

RATE GYROS.~The free gyros just de-
scribed providle a means of measuring the
AMOUNT of roll, pitch, and yaw. The free
gyros therefore can bé used to develop signals,
which are proportional to the amount of roll,
pitch, and yaw. Due to the momentumof a mis-
sile in responding to free gyro signals, large
overcorrections would result unless there were
some means of determining how fast theangular
movement is occurring. For example, suppose

that a correction signal is generated which is

proportional to an error of 10° to the left of the
proper heading. The control gurfaces areauto-
matically positioned to bring the missile to the

The missile responds by coming right.
But because of its momentum it will pass the
correct heading and introduce an error to the
right. To provide correction signals that take

480
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B. Missile rolls—-gyro remains stable; C, Mis-
sile pitches—gyro remains stable; D, Missile
yaws—gyro remains stable. .

momentum of the missile into account,rate gyros
are used. These gyros continuously determine
angular accelerations about the missile axes.By
combining free gyro signals with rate signals
from the rate gyros, the tendencytoovercorrect
is minimized and a better degree of stability is
obtained. The rate gyro actually provides a
refinement or damping effect to the correcting
process. Without rate gyros, a missile would
overcorrect constantly,

A rate gyro (fig. 5-14B) supplies the rate-of-
deviation signal. The rate gyro isfreeto rotate
about only one axis. A yawrategyro is mounted
with its spin axis parallel to the missile line of
flight. A roll rate gyro is mounted so that its
spin axis is parallel to the pitch axis, at right
angles to the line of flight. A pitch rate gyro is
mounted with its spin axis parallel to the yaw
axis of the migsile and at rightangles to the line
of flight. ’

Pickoff Systems

A “pickoff” i8 a device that receives energy
from the sensors and transmits this energy,
either in the same form or inanotherform, to a
point where itis puttopracticaluse. Most of the
pickoffs used in guided missiles are electrical
devices. In addition to transmitting energy
from the sensors, they are alsousedto measure
outputs of physical references, suchasgyros. In
this second respect, the pickoffs themselvesact
as sensors. The gyro rotor in itself capnot de-
termine missile attitude information. Pickofts
must be used in conjunction with free and rate
gyros to determine missile attitude information.
The gyros indicate the linear and angular dis-
placement; the pickoff must be able to measure
the amplitude and direction of the displacement
and produce a signal that represents both
quantities, ‘

ALTIMETERS

To ensure that missiles stay within pre-
scribed height limits or perform functions at
specified altitudes, devices called altimeters
may be used. Two basic types of altimeters

-&re pressure altimeters and absolutealtimeters

(radar altimeters).
Pressure Altimeters

Pressure altimeters are simply mechanical
anerocid barometers. The aneroid barometer
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consists of a small, bellows-like airtight
chamber from which most of the air has been
removed. Atmospheric pressure (which varies
with altitude) works to collapse the chamber
against spring pressure. Asg altitude increases,
the compression effect decreases. The slight
motion of the spring is magnified through link-
ages or detected by pickofts. The resulting
signals may be used to precess the pitch gyro,
or they may be converted directly into-control
surface movement via the missile computer net-
work. Unfortunately, variations inpressure with

. altitude are not always exactly constant, thereby

requiring the use of a standard rateof change of
pressure with altitude. This rate is referredto
as the ‘‘standard pressure lapse rate.’”’ Forany
change of pressure, the altimeter is calibrated
so that its output is proportional to the change
of altitude in accordance with the standard
preasure lapse rate.

Altimeter Cell

An altimeter cell also detects changes in
altitude and converts this information into an
electrical signal. The unit consists of a fila-
ment of fine platinum wire, heated by an elec~
tric current and enclosed in a vented envelope,
The vent is always connected to a static pres-
sure line. When the altitude or static pressure
changes, the rate at which the filament can
release its heat changes, and the temperature
and resistance of the filament also change. This
' characteristic is utilized by connecting the
filament as an arm in a Wheatstone bridge.
Usually two cells are placed in the bridge as
ghown in figure 6-19, One cellisvented and one
sealed in order to compensate for surrounding
temperature changes. The signal output of the

bridge is proportional only to pressure chgnges .

33.128

Figure 5-19.—Altimeter cell.

gince both cells change with temperature while
only one changes with pressure.

An altimeter cell measures altitudes ashigh
as 500,000 feet. This wide range gives the cell
an advantage over a mechanical anerotid.

Absolute (Radar) Altimeters

Radar altimeters are used to measure ab-
solute altitude—the distance betweenthe missile
and the terrain beneath it rather than above sea
level, It measures thetime requiredfora radar
pulse to reach the ground, be reflected, and
return. Since the operation does not depend on
atmospheric data, the radar altimeter is free
from some of the disadvantages of the baro-
metric types. One type of radar altimeter is
the continuous-wave (c-w) frequency-m« dulated
(f-m) altimeter. :

In the c-w system, the transmitted micro-
wave signal is varied regularly in frequency in
accordance with a sawtooth modulating voltage.
The signal is directed towardtheground wherea
portion of it is reflected back to the receiving
antenna. The echo wave is compared in the
receiver with the instantaneousoutput frequency
of the transmitter. An interval of time passes
between the moment the signal is transmitted
and its arrival by reflection at the receiver.
This time interval is directly proportional to
the altitude of the missile. During this same
time interval, the transmitted frequency has
been intentionally varied. By comparing the
new transmitted frequency with the echo fre-
quency, adifference frequency or timelag 18 ob-
tained which is proportional to the elapsed time
interval and to the altitude of the missile,

AIRSPEED TRANSDUCERS

Speed measuring devices are used in some
missiles to cause specified functions to occur
during flight. One of thése devices shown in
figure 5-20 is called an airspeed transducer.
Its principle of operation is similar to that of
the aneroid barometer just discussed. Atrans-
ducer is.a device which is operated by power
from one source and supplies power to another

“dgvice in the same or a different form. In most
missile applications, a transducer is used to
“change mechanical motion to an electrical volt-
age. . The ram air pressure experienced by the

‘missile in the atmosphere is transmitted to the

bellows and converted to an electrical signal
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RAM PRESSURE

=0 A-C INPUT

BELLOWS

7

Figure 5-20.~Airspeed transducer.

through a bridge type electrical circuit (tig. 5-
20) the output signal will vary with the ram air
pressure, which is proportional to migsile speed,
Other types of electrical pickoffs also may be
used to convertbéellows movement into electrical
information. '

Another type of speed measuring device de-

. pends on the transmission and reception of r-f .

energy, and is similar in principle to the radar
altimeter. A slight. shift in frequency of the
transmitted energy provides a bas!s (Doppler

effect) for electronically determining missile

speed. The use of Doppler radar will be dis-
cussed in some detail in a later chapter of this
course.

PICKOFFS

Pickoffs, briefly described in connection
with gyros, are important in the missile control
system because they produce signals from the
intelligence devaloped by a sensor unit, The
signal must be one ‘hat is suitable for use in the
control system. The pickoff must be able to
determine the direction of displacement and then
produce a gignal that indicates the direction, In -
electrical systems the indication maybe aphase,
polarity, or voltage difference. : ,

The ideal. pickoff should:have a consider-
able change in output for a small movement of
the pickoff, It should also have minimum
torque or- friction - 10ss - since these .losses

~would be reflected to the sepsor element and
affect its operation. Small physical dimen-
sions and .light weight are additional reqqtreXA
ments. * The null point (no output) should b§
sharply defined. = , : I
-+ . Electrical. pickofts’ are extremely sensitive
and reflect little torque back to the sensor or
reference unit, It isprimarily. these qualities

e 23
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which make them useful in guided missiles.

"The most common types of electrical pickoffs
are: :

1. Reluctance pickoffs

2. Potentiometer pickofts
3. Synchro pickofts

4. Capacitance pickoffs

VARIABLE RELUCTANCE PICKOFFS

Figure 5-21 shows an internally operated
variable reluctance pickoff which may be used
with. a- rate gyro. The pickoff consists of an
E-shaped metal block with coils wound around
its ends and a permanent magnet located in the

GYRO ROTOR

& CRYSTAL
DIODE

OUTPUT

i 4
i/m.r{sa

CONDENSERS

OUTPUT

’ -33.72
Figure 5-21.Internally operated

relucta_nce pickoff,
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PRINCIPLES OF GUIDED MISSILES AND NUCLEAR WEAPONS

center. The gyiro rotor is made of ferrous
metal and has brass strips spaced around its
periphery. The permanent magnet causes a
magnetic flux to be established. The spinning
rotor causes regular variations in flux density.
As a result, an a-c voltagecomponentis induced
in the two coils. When thereisno precession the
air gaps are equal and the a-c components can-
cel one another. When the gyro precesses be-
cause of an angular acceleration, the air gap is
fncreased at one end and decreased attheother.
This change in theairgaps causes different volt-
ages to be induced in the two coils. The dif-
terence between the two voltages is proportional
to the angular acceleration. After being rectified
and filtered, the resultant d-c voltageisthe rate
signal. The output sense (direction of deviation)
is indicated by positive or negative polarity.

EXTERNALLY OPERATED
RELUCTANCE PICKOFF

The externally operated reluctance pickoff
most commonly used in guided missiles is usu-
ally referred to as a differential transformer.
This pickoff, shown in figure 5-22 consists of a

laminated steel rotor attached by a shaft to the

rate gyro gimbal. Two E-shaped laminated
steel cores are attached to the gyro mounting.
Around the outer legs of each of the cores is
a primary winding connected in series op-
position. There is a secondary winding (pick-
off coil) around the center leg of each core.

When the rotor is in the position shown in
figure 5-22A, the flux lines from the excitation
windings cutting the secondary are equal and
180° out of phase. In this condition, no volt-
age is induced in the secondary windings.

When the gyro precesses because of angular
acceleration, the rotor turns because it is
directly coupled to the gyro gimbal. In figure
5-22B, one end of the rotor is shown displaced
to the left. This displacement of the rotor de-
creases the reluctance tothe magnetic flux inthe
left leg and increases the reluctance in theright
leg. This results in more flux lines from the
left primary cutting the secondary winding. Thus
an a-c output is induced inthe secondary winding.
This voltage is 180° out of phase with the a-c
excitation voltage. The output voltage is pro-
portional to the displacement of the rotor. Dis-
placement of the rotor to the right will have an
opposite effect and an in-phase output voltage will
result. .

This pickoff has many applications in guided
missiles in addition to serving as a rate gyro
pickoff.

POTENTIOMETER PICKOFFS

A potentiometer is a device for translating
a quantitative motion {angular or linear) into
a proportional electrical resistance. It meas-
ures by comparing the difference between the
known and the unknown electrical potentials.
Figure 5-23 shows the principleof the potentiom-
eter pickoff. The circuit shown in the figure is

-
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" A. Balanced condition—no output; B. Rotor displaced to left, causing output.
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¢ ' VWIPER ARM
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—o EarPLIED o—

_ 33.74
Figure 5-23,~Principle of a
potentiometer pickoff,

referred to as a bridge circuit. When the wiper
arm is at C, there will be no output (eoyp)

since the input (E APPLIED) 18 placed .across

equal resistors, Now, if the wiper arm is moved
to C' the output will be ‘proportional to the dis-
Placement of the arm due to an imbalance in
resistance in the line AB.,

Potentiometer pickoffs consist of wire-wound
resistors and movable sliding contacts (fig.
-24A). The resistance wire is wound .on a strip
which is bent in the shape of a cylinder.
The wire and strip together are referred to as
the resistance card. The wiper arm can be :
positioned at any point around the circum- : B
ference of the card. .

_ The position of the moving arm determines
the amount of voltage, but it is also possible to
use the variation tn reststance as the control
medium, If the shaft of the potentiometer s
mechanically connected to the sensor, the output
voltage will vary according to the moving arm
displacement. With the wire-wound method of

construction however-the output of the poten-

o tiometer does not change smoothly as the wiper

| arm 18 moved. Instead, .the output voltage

changes in jumps, each jump being proportional
to the distance between adjacent turns of wire
and thé voltage drop across each turn. A poten-

tiometer having 1,000 turns of wire is said to : H

have a resolution of 1 part in 1,0000r a resolu-

tion of .1 percent.. To. improve resolution, the . S 33.75-,11

resistance wire is sometimes wound in a helix Figure 5-24.—-Potentiometers: A. Wire wound

o potentiometer; B, Helipot; C. Potentiometer

i
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o
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as shown in figwre 5-24B, = .
A potentiometer wound in' this' manner.is__ PICKOff used with a free gyro.

known as -a helipot, The wiper arm shown fn™* =~ . S :

the figure would make ten turns around the with the resistance wire, thus eliminating the
circu‘mté_xfehcéf‘_bf ‘thecard to cover the entire jumpy output inherent in the conventional po-
voltage range. The advantage is in the fact . tentiometer. Figure 5-24C shows a potentiom-
that the wiper arm maintains continuous contact .eter pickoff ugsed with a free gyro.
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R or . ;
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. - Figure§-26.~Capacitance pickoff.

SYNCHRO PICKOFF AND
CONTROL TRANSFORMERS

The term synchro is applied to a group of
devices used for transmitting either angular
data or torques of fairly small magnitude with-
out the use of a mechanical linkage. The sim-
plest synchro system contains a transmitter
which is electrically connected to a receiver.
The transmitter is a transformer with a rotata-
ble primary that converts a mechanical input
into an electrical signal, and transmits the sig-
nal to the receiver. The synchro receiver
receives the signal and converts it into a me-
chanical output. If the rotor of the synchro
transmitter is coupled to a sensor or reference,
the -movement of the reference will cause a
corresponding movement of the transmitter ro-
tor. Due to the electrical connection of the re-
cetver, its rotor will move in exact correspond-
ence to the motions of the transmitter rotor.

Unlike the combination described above, the
synchro control transformer 18 used to produce
a voltage proportional to the movement of the
synchro transmitter rotor, rather than anan-
gular movement. Such a voltage may be am-
plified and then used to power other units within
a control system. - ' : :

Synchro pickoffs are sometimes called sel-
syns, autogyns, or microsyns.

The fundamental types of synchro units and
their principles of operation are discussed in
Basic Electricity, NavPers 10086-A,

CA_PACITANC = PICKOFF. °

As shown in figure 5-25 capacitance pickoff
‘ts composed-of two outer plates thatare tixed in
position. ‘A movable plate is centered between
the two fixed plates and connected to the sensor.
The capacitance between the centerplate and the

B

. SENSOR '+

..o drop off.

o A28

two outside plates is equal when thereisno out-

put from the sensor. If, however, 2 signal from

the sensor causes the center plate to move
toward the bottom plate, the capacitanc ebetween
these twoplates will increase andthe capacitance
between the top plate and the center plate
will decrease.

This changein capacitance canbeused tovary
the tuning of an oscillator. The change in oscil-
lator frequency is then used for sense control.
This type of pickoff is the most sensitive of
all, since a very slight change in plate spacing
will cause a large change in frequency.

The electrical pickoffs just described are
common to many guided missiles. Other types
and variations of those described will be cov-
ered in later chapters with the equipments with
which they are associated.

PICKOFFS AND FREE AND RATE
GYRO SIGNALS

‘Not that you have a basic understanding of
some of the pickoffs used in guided missiles,
let us see how signals from the free gyros and
signals from the rate gyros are combined to
form resultant signals. : ,

When a missile experiences an unwanted
angular acceleration, the rate signal s combined
with the free gyro signal in such a way as
to return the missile smoothly to its desired
attitude. For example, assume that the pre-
scribed attitude of a missile is horizontal, and
that an outside force causes the missile to roll
in a clockwise direction. Figure 5-26A shows
the roll rate gyro signal and the roll free gyro
signal during a period of 40° clockwise roll and
return to proper attitude, At time T gthereis no
output from either the rate gyro or the free
gyro, because the missile is not rolling and is
in the proper attitude. As the missile begins

to roll, the roll rate signal increases until the -

missile roll rate becomes steady, at. whichtime
(T,) the rate signal reaches a constant level.
No]te that the roll rate signal always opposes
roll movement of the missile. The free gyro
signal continues to increase as long as the
missile is rolling from its proper attitude.
At time T3, the control surfaces begin to slow
the missile's roll and the rate signal begins
_ The missile is still rolling,
‘but 'at a slower rate, between T, and Tg.
‘The roll free gyro signal continues to in-
.crease until a maximum roll of 40° is reached
at Tg, at which time the rate signal is zero.
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~-rate gyro. signals;
- -control surface movement.
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The missile now begins to roll back to the de-
and Ty,
the roll free gyro signal decreases, while
the rate signal increases in the opposite di-
rection, At time T4, the signals cancel each
other and have caused the control surfaces to
return to neutral, After T4, the rate signal
is greater than the roll free signal and causes
the control surfaces to be actuated inopposition
to the direction of missile movement. This
action continues until the missile is stabilized
at the prescribed attitude. :

By opposing the free gyro signal during
the roll back to the horizontal attitude, the
rate signal can be said to be anticipating the

cw
To T, T2 73 Ta
+40°4
ROLL FREE SIGNAL
20°- Z e
Y, N
\
0 N, -
, N\ _-RuLL RATESIGNAL  _~
' _--
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cew A
To T T T T
ol T 2 T3 .
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- e
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/
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SN N SURFACE MOVEMENT

s
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Figure §-26.—-Gyro signals combined to correct
‘missile - attitude: A. Roll free gyro and roll
B. Resultant signal and

o 55,5

return to correct attitude. It is this opposing
or damping feature which prevents the over-
correcting effects which would occur if only a
free gyro were used.

The free and rate signals are continuously
led by their pickoffs to a summing circuit in
the missile computer network. Here they are

combined to form the resultant shown in figure
5-26B. :

The dotted line in figure 5-26B represents
control surface movement during the entire
period of roll.

Although the actions described above apply
to missile roll caused by an outside force, the
same actions are applicable to pitch and yaw
caused by outside forces.

The block &iagram of the missile control
system in figure 5-27 includes the gyros and
pickotfs covered in this chapter.

.COMPUTING DEVICES
GENERAL

Computers appear in missile systems in a
variety of forms. The computer may be a sim-
ple mixing circuit in a missile, or it may be
a large console type unit suitable for use at
ground installations or on shipboard.

We have shown that sensor units detect
errors in pitch, roll, and yaw, and that a ref-
erence unit furnishes a signal for comparison
with the sensor output.

Although the sensor output represents an
error to be corrected, it is seldom used to
operate control surfaces directly. It must

.be changed to include additional information,

and then amplified in order to operate the con-
trols. - These operations are represented by
the block labeled ‘“‘computer’ (tig, 5-1). The
computer section is normally composed of
mixers, integrators, and rate components,

- The large volume of information to be proc-
essed, and the brief time available to handle it,
make the use of high-speed data processing -

.equipment essential in modern weapon systems.
. Data. processing equipment is a group of de-

vices, each capable of performing 2 mathe-
matical operation on data furnished to it, and
of producing results in usable form. The term
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Figure 5-27.—Missile control system showing gyros and pickoftfs.

‘“mathematical operation’” includes not only
such obvious processes as multiplication and
addition, but includes analytic, arithmetic, and
logic operations. It excludes such processes
as judgment, induction, conjecture, and
‘generalization—a computer cannot think.

The term ‘‘computer’ refers to the data
processing device that is capable of differ-
* entiating between data received. Other parts
of the data processing equipment may translate
:data from one form to another, store data, or
produce data from stored information on de-
' Compiters produce answers in numerical

. form for  statisticians, or in physical form .-

‘for use in fire control systems and industrial
control equipment. By physical form we mean
voltages or shaft and gear revolutions. Because
" computers can quickly solve simultaneous equa-
tions, they can be used to- direct gunfire or
" missiles against fast-moving enemy aircraft

i

.II
b
¥

or missiles. Computers are also used against
surface, underwater, and shore targets. Com-
puters within the missiles operate on the same
principles as those in the weapon gystem.

FUNCTION AND REQUIREMENTS

One important function of a computer is the
coding and decoding of information relating to
the missile trajectory. It is necessary to code
and decode control information in order to off-
set enemy countermeasures and to permit con-

“trol of more than one missile at the same time.

Another function of the computer is the
mixing- of signals from sensor and reference
units to produce error signals. Figures 5-1and
5-9 show, in block form, how the computer i8
linked - with other sections of the complete
system. = The signals from the sensor and
reference units may be mixed in a preset

28
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ratio, or they may be mixed according to pro-
grammed instructions.

The error signals produced by mixing are
amplified and passed to the control actuating
system and the followup section. The output
of the followup section is then fed back to the
computer for reprocessing. The purpose of
feedback is to reduce overcontrol that would
cause the missile to oscillate about the desired
attitude.

The computer section may also compare two
Oor more voltages to produce error signals.
For this purpose, voltage or phase comparator
circuits are added. The synchro units dis-
cussed in the previous section are used in
computers to convert signal voltages into forms
that are better suited for processing.

Afrborne computers are generally classi-
fied according to the phase of misstle flight in
which they are used. The computers may be
separate units or they may be combinations of
prelaunch, launch, azimuth, elevation, program,
and dive-angle computers.

TYPES OF COMPUTERS

Computers are classified according to pur-
poseé- as general or special, and according to
whether they use analog or digital principles.
Computers used in weapons systems are de-
signed specifically to solve problems arising
in weapons systems, and therefore are usually
special purpose computers. They occur in a
wide variety of forms and may have little in
common with each other. While general pur-
pose computers are used to solve problems
directly related to weapons systems, most
computers that are part of a weapons gystem
are special purpose, connected to solve a
particular problem, or a small number of
problems., A ballistic missile guidance com-
puter, for example, will golve only the equa-
tion for a ballistic trajectory, but can be made
to guide the missile to any target within range.

Analog and Digital Computers

The two basic types of computers—analog

and digital-may be combined to form a hybird

. computer with ‘both analog and digital charac-

teristics. o VA
The technique used to determine the mag-

nitude of the variableisdifferent in the two

types. The analog device will continuously

.measure a changing variable; it recognizes a

ST G
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variable as a whole quantity, such as displace-
ment of a pointer, rotation of a shaft, and volt-
age of a ctrcuit. .

The digital method ts acounting method. The
digital device recognizes quantity as a number
of basic units: number of days, number of
ohms, etc.

Analog computers can be used in weapons
systems wherever problems of calculations
from continuous data, simulation, or control
are encountered. In target detection and track-
ing, analog computers are used to direct search
radars and tracking devices, store data on
target location and velocity, and predict future
target motion. The calculations necessary todi-
rect weapons launchers, and actually control
launchers and missiles are performed by com-
puters. In addition to actual operation of
weapons, analog computers are used to sim-
ulate targets for training purposes, and eval-
uate the performance of the weapons systems
in engaging the simulated targets.

A digital computer also can solve problems,
but does it quite differently, The actual num-
bers are used; it performs simple arithmetic
on them and produces the answer in the form of
individual digits. '

Basically, the analog computer deals with
a continuous system, while the digital computer
works with discrete numbers. While the analog
computer is faster than the digital, it ts much
less accurate.

Also, the digital computer can only give
the answer to one specific arithmetic problem
at a time, but the analog computer can present
the overall picture of an entire system.

The functions of the digital computer in the
improved Minuteman missile include preflight
testing, countdown, staging, and control of
penetration aids such as decoys or radar chaff,
in addition to flight-path control.

Computers may solve _the problem by elec-
trical means, using voltages and current; elec-
tromechanical, using voltages and shaft po-

_. sitions; and mechanical, using angular rotations

of shafts and linear movements of shafts and
linkages. There are many electronic devices
in digital computer circuits. Relays may be
open or closed; diodes Fass current in one di-
rection but not the ‘other; vacuum tubes and
transistors may be convducting or nonconducting;
magnetic cores may e magnetized clockwise
or counterclockwise. In addition, a variety
of exotic devices with unique characteristics
have been applied to digital circuits: cryotron,
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magnetic film, tunnel diode, twistor, and aper-
tured plate. To describe the functioning of
each of these would require a volume in itself.
Refer to Principles of Naval Ordnance and
Gunner%, avPers 10783-A, for more informa-
on on digital and analog computers.

We will describe the computer elements
according to the general type of function they
perform. These types were briefly described

at the beginning of this chapter as MIXERS,
INTEGRATORS, and RATE COMPONENTS.

Mixers

A mixer is basically a circuit or device that

combines information fromtwo or more sources.
In order to function correctly, the mixer must
combine the signals that are fed to it in the
proper PROPORTION, SENSE, and AMPLI-
TUDE. - '
‘ The type of mixer used will depend mostly
on the type of control system. Most systems
use electronic mixers, However, mixers may
also use mechanical, pneumatic, or hydraulic
principles.

Electronic mixers may use a vacuum tube
as a mixing device. It is also possible to use a
network composed of inductors, capacitors,
and resistors for mixing. Regardless of the
type of mixer, the signals to be combined are
represented by the amplitude and phase of the
input voltages. Voltages from such sources
as pickoffs, rate components, integrators, fol-
lowup generators, and guidance sources may
be combined by the mixer section to form
control signals.. :

Mechanical - mixers consisting of shafts,
levers, and gears can. also be used to com-
bine information. Anocther mechanical mixer
uses gears to combine position or angular
velocity information. The gear arrangement {8
gimilar to that of an automobile rear axle dif-
ferential. If the input shafts contain position

information, they will move slowly and maintain .

approximately the same average position. The
position of the output shaft constantly indicates
the difference between the two shaft positions.
If the information is .represented by the speed
of the shaft rotatfon, the angular velocity of the
output shaft represents the difference between
the two input shaft speeds.. Co S
"It is. possible. to arrange the input shafts 80
that. the output represents the sum of the inputs
rather than the difference. - Weighting factors

1

can be controlled by changing the gear ratios
in the differential. '

Sometimes information is transferred
through air or hydraulic tubes. The signals
are created by varying the pressure inside the
tube. Two signals can be combined by joining
two tubes into one. .

Integrators

An integrator performs a mathematical op-
eration on an input signal. The integral of a
constant signal is proportional to the amplitude
multiplied by the time the signal is present.
Assume that the integrator output is four volts
when the duration of the constant input signal 18
one minute. Then. if the same input signal had
lasted for one-half minute, the output wouldhave
been two volts.

But, an actual missile error signal is not
constant, ag we assumed in the above example.
The amplitude and sense of the error change
continuously. The integrator output is pro-
portional to the product of the operating time
and the average error during that time. Should
the sense of the error change during the inte-
gration period, a signal of opposite sense would
cause the final output of the integrator to de-
crease. The integrator can be considered as
a continuous computer, since it is always pro-
ducing a voltage that is proportional to the
product of the average input voltage and time.
Therefore, the integration of an error with re-

. spect to time Jepresents an accumulation of

intervals of time
period. . .
Any integrator has a time lag effect.
Although the input signal goes. from zero
to maximum with zero time lag, there is no
output at that instant. Time is required before
the output reaches an appreciable amplitude.
Approximately the same lergth of time is re-
quired for the output amplitude to drop to zero
after the input pulse ends. The additive effect
of two successive negative pulses ts made -
possible by the time lag, and is used to give
more precise control action.
. The output signal from the integrator is
used-to support the proportional error signal,

and errors over a specified

%o make sure that enough correction willalways

e made by the control system.
‘Keep' in mind that the degree of control ex-
erted by a pure proporticnal (unamplified) sig-
nal is limited. Overcontral, or undercontrol

causes excessive movement of the missile about

=130
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the desired trajectory. There are times when
proportional control alone is not enough to
overcome a strong, steady force that is caus-
ing the missile to deviate from the correct
path. In a case of this kind, the proportional

sense remains constant, so that the integrator
output increases with time. This output in-
crease reinforces the proportional signal until
correction of the flight path takes place, :

Integration may be performed by a motor,
the speed of which is proportional to the amp-
litude of the input signal, The motor drives
a pickoff, and the distance the pickoff moves
is proportional to the integral of the input
signal, , _ v

The direction of motor rotation will de-
pend on the polarity or phase of the input sig-
nal, The amplitude of the error signal varies
irregularly; the sense of the signal may re-
verse, causing reversal of the motor rotation,

Other types of integraters use ball-and-disk
mechanical arrangement, resistance-capacit-

AMPLITUDE OF INPUT

ance (RC) circuits, resistance-inductance (RI)
circuits, and thermal devices, Theball-and-disk
type (fig. 5-28A) 1s the oldest type of integrator
still in use in missiles. A more sophisticated
integrating circuit is shown in figure 5-28B, It
adds an amplifier toa simple resistor-capacitor
circuit, The resistor (R) produces the propor-
tional current from the input signal voltage.
The capacitor (C) voltage is the integrator out-
put. The use of a high gain feedback ampli-
fier produces more accurate results,

Rate Systems

The rate section in a missile control sys-
tem should produce an output signal proportional
to the RATE OF CHANGE of the input signal
amplitude,

The time lag present’in integrator circuits
makes rate circuit necessary, Missile devia-
tion cannot be corrected instantly, because the
control system must first detect an error be-
fore it can begin to operate.

EXCITATION

: | HIGH GAIN
D~C AMPUFIER N
- GAINz- | .

o Figure 5;23;-f80ge integrators used in missile control: . .
A, Ball-and-disc integrator; B, Integrating amplifier circuit and symbol.
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The ideal control system would have zerd
time lag, thus permitting zero deviation dur-
ing the missile flight. Control surfaces are
designed to correct missile flight deviations
rapidly. The control surfaces are moved
rapidly by actuators, which are operated by
amplified error signals. But it is possible
to have a signal so large that the missile is
driven beyond the desired attitude, and anerror
occurs in the opposite direction. This error
drives the missile back in the first direction.
The end result is a series of swings back and
forth across the desired trajectory.

These unwanted swings are known as 0s-
cillation (or hunting) and the addition of a rate
signal has the effect of damping (retarding)
the oscillation. The amount of damping may
be classed as CRITICAL, UNDERDAMPING,
or OVERDAMPING. The function of damping
is to reduce the amplitude and duration of these
oscillations.

The simplest form of damping is viscous
damping. Viscous damping is the application of
friction, to the output shaft or load, that is
proportional to the output velocity. This type
of damper absorbs power from the system
and slows up its response. You will find vis-
cous damping slows up its response.. You will
find viscous damping used on servos intheolder
computers.

Damping of servos in the newer computers
is provided by the rate generators. This method
of damping, sometimes called error-ratedamp-~
ing, overcomes the disadvantages of viscous
damping. By combining the rate signal and the
error signal, the system can be made to re-
spond to a constant error. 1t is also possible
to combine an attitude rate signal with a
guidance signal.

Perhaps the most common method of pro-
ducing a rate signal is by using a separate
gsensor unit, such as a rate gyro. The gyro
displacement is detected by a pickoff, and the
output of the pickoff is the rate signal,

- AMPLIFIERS

An amplifier is a device for increasing the
magnitude of a quantity. There are many types
of amplifiers and many uses for them. In
electronics and electrical applications, three
types widely used are vacuum tube, transistor,
and magnetic amplifiers. The first two are dis-
cussed in Basic Electricity, NavPers 10087-A,
and the last named is described in Basic
Electricity, NavPers 10086-A. - T

PURPOSE

Both POWER and VOLTAGE amplifiers are
used in missile contro! systems to build up a
weak signal from a sensor 80 that it can be
used to operate other sections of the control
system. These sections normally require
considerably more power Or voltage than is
available from the sensor.
use electronic tubes. Regardless of the method
used, the prime purpose of an amplifier is to
build up a small sensor signal to a value great
enough to operate the controls.

OPERATING PRINCIPLES

Some functions in missile control systems
require a series of flat-topped pulses, called
square waves, at a definite frequency. It is
possible to convert other wave ghapes tosquare

.- waves with vacuum tube amplifiersand clippers.

It is also possible to accomplish the same
result with an electromechanical device known
as a chopper, or by a vibrator.

Choppers

‘A chopper is usually an electromechanical
gwitch designed to operate a fixed number of
times per second, opening and closing the con-
tacts periodically. Fundamentally, a chopper
gserves as a suppressed carrier square-wave
modulator. A cutaway view of a mechanical
chopper is shown in figure 5-20A. This unit
has the contacts arranged for single-pole double-~
throw switching, center OFF position.

The contact arrangement is shown near
the bottom of the drawing. Leads are brought
out separately from each of the two fixed con-
tacts and the vibrating reed to pins on the base.

These pins are arranged so that the chopper -

can be plugged into a conventional radio tube
socket. In order to reduce operating noise,
the entire mechanism is enclosed in a sponge
rubber cushion before it is placed in the metal
can. . By using the chopper in connection with a
conventional transformer, amplification can be
obtained at the pulse frequency.

An electromagnet, driven by a source of
.alternating current, sets a reed in vibration,
‘The reed carries a moving contact that alter-
nately coriacts one or the other of two fixed
contacts in a signal circuit., Thus the signal is

~ periodically interrupted. ‘The permanent magnet

182
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Figure 5-29,-A. Cutaway view of mechanical
chopper. B. ChOpper—stabtlizgd d-c amplifier.

i8 incorporated in the pole structure of the coil
80 as to polarize the coil, ‘Thea-c excitation of
the coll alternately reinforces and reduces the
magnetism supplied by thepermanent magnet, so
that the vibrating reed executes one oscillation
for each oscillation of the applied voltage. - The
resonant frequency of the reed ‘18 not made equal
-to the excitation frequency ‘because then small
changes in the exciting frequency would result
in ‘large phase shifts between ‘the reed.:oseil-
lations and the coil ‘drive, ‘A typical circuit is
shown in figure 5-29B. The d-c input voltage is
modulated ‘by one contact of the -chopper: into an

a-c-voltage., This voltage isamplified ina stand- °

- ard a-c'amplifier'and'is'then demodulated by the
-other ‘contact ‘of - the - chopper; ~“The’ signal is
smoothed - in a low-pass filter to reconstruct as
an amplified version of the original input;- -

The chief advantage of electromechanical
choppers in their extremely lownoise and drift.
They have been used successfully to amplify

minute voltages such as those generated by
thermocouples,

Vibrators

A current can also be chopped electronically
by passing it through a multivibrator or other
switching circuit. A vibrator, an electro-
mechanical device used primarily to convert
direct current to alternating current but also
used as a synchronous rectifier, is closely re-
lated to the chopper. There are two major clagsses
of vibrators: interrupters, in which the vibrator
serves to interrupt, periodically, the direct
current input, and synchronous vibrators, in
which the vibrator periodically interrupts the
‘input, then synchronously rectifies the resulting
alternating current.

Vacuum Tube Choppers

Vacuum tubes can be used as electronic
choppers. Other amplifiers, known as saturable
reactors, are used for a-c motor control, This
type of amplifier may sometimes be used in
combination with vacuum tubes. Neither the
vacuum tube nor the transistor alone can
function as an amplifier; each must be asso-
clated with appropriate input, output, or biasing
circuits. ‘ '

Control systems in guided missiles make ex-
tensive use of chopping, generally to change a
direct current signal into an alternating current
signal, which can be more readily amplified,

An autopilot amplifier receives signalsfrom
the outputs' of the gyroscopic reference system

. and the rate gyroscopes, and converts the signals

to a form usable for guidance of the actuator
assemblies,

The use of amplifiers in the guidance system
is discussed in the next chapter. :

CONTROLLER UNITS

‘The first part of this chapter discussed the
purpose and function of control, thefactorscon-

_ trolled, ‘methods- of control, ‘types of control

action, and types of control systems. In this
section we will discuss controller units other
than amplifiers. e :

. £ ‘> ', .
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A controller unit in a missile control system
reaponds to an error signal from a sensor. In
certain systems an amplifier which is furnish-
ing power to a motor serves as a contruller,

TYPES

There are several types of controller units,
and each type has some feature that makes it
better suited for use inaparticular missile sys-
tem.

Solenoids

A solenoid consists of a cofl of wire wound
around a nonmagnetic hollow tube;a moveable
soft-iron core is placed in the tube. When a
magnetic field is created around the coil by
current flow through the winding, the core will
center itself in the coil. This makesthe solenoid
useful in remote control applications, since the
core can be mechanically connected to valve
mechanisms, switch arms, and other regulating
devices. Two solenoids can be arranged to give
double action in certain applications,

Transfer Valves

Figure 5-30 shows an application in which
two solenoids are used to operate a hydraulic
transfer valve. The object is to move the actu-
ator which is mechanically linked to a control
surface or comparable device. .

The pressurized hydraulic fluid, after it
leaves the accumulator, is applied to the trans-
fer valve shown in figure 5-30B. The valve is
automatically operated by the response of the
solenoids to electrical signals generated by the
missile computer network. C -

It solenoid #1 in the figure is energized, it
will cause the valve spool to move to the left.
This will permit pressurized fluid to be ported
to the right-hand side of the actuator- and cause
its movement to the .left, If solenoid #2 is
energized, the valve spool will move to theright,
causing actuator movement to the right in the
same manner. When peither coll.is energized,
the valve is closed (fig. 5-30A)..

The transfer valve just described has one
disadvantage in. that it operates in- an on-off
manner. - Thig: means that it_provides positive
movement of the control surfaces,-either full
up or full down, full’ right or full left. A finer
control -is. usually more desirable in misstle
systems. The servovalve (fig. 5-31) provides

f\81\ ]| TRanseER vave

33.184

Figure 5-30,~Transfervalve: A.Closed position

(schematic); B. Hydraulic transfer valve and
actuator.

this control. With neither of the windings en-
ergized (or a balanced current flowing through
both), the magnetic reed is centered as shown
(tig. 5-31). In this condition, high pressure

hydraulic fluid from the input line cannot pass

to the actuator since the center land of the spool
valve blocks the inlet port. The pressurized
fluid fiows through the alternate routes, through
the two restrictors (fixed orifice), passes
through the two nozzles, -and returns tothe sump
without causing any movement of the actuator.
If the right-hand solenoid is energized, themag-
netic reed will move tothe right, blocking off the
flow-of -high pressure fluid through the right-
hand ,.nozzle; Pressure will build up in the right
pressure chamber. This will move the valve to
_~the left. In moving left, the center land will open
the ‘high pressure -inlet and permit fluid flow
directly to the right-hand .gide of the actuator.
At the same time, the left-hand land of the spool
will open the low pressure returnline and permit
flow to, the sump from the left-hand side of the
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Figure 5-31.—Servovalve.

actuator. This process will cause actuator
movement to the left. By energizing the left-
hand solenoid, the reed will move to the left, and
the entire process will be reversed, theactuator
then being moved to the right, The actuator can
be used to physically position a control surface.

Relays

Relays are used for remote control ofheavy-
current circuits. The relay coil maybe designed
to operate on very small signal values, such as
the output of a sensor. The relay contacts can be
designed to carry heavy currents. e

Figure 5-32A showsa relaydesigned for con-
trolling heavy load currents, When the coil is .
energized, the ‘armature is pulled.down ugainst

the core, This action pulls the moving contact \\ / {
againat thestationary contact, and clodegthehigh - power A MR INPUF 8
L current : circuit. 'The ‘relay contacts will stay. . B _INPUT LINES ~
ERTRRE R closed as long as the magnetic pull of the coil is = ' :
T LR ‘strong enough to overcome thepull of the spring. 144,32

-+ The relay just described has a fixed core. Figure 6-32.—Some types of relays inmissiles:
However, some relays resembl_g_,a 8olenoid in - A, Low current relay; B. Air-actuatedrelay,
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i that part of thecore is a moveable plunger. The
: moving contacts are attached to the plunger, but
| are electrically insulated from it. ‘

Figure 5-32B shows a form of relay thatcan
» ; be used in a pneumatic control system. Two air
o ' pressure lines are connected to the air input
L ports. The relay operates when its arm is dis-
' placed by air pressure. A modifieddesignof this
CL type relay might be used in a hydraulic-electric
L system, in which case the diaphragm would be
e moved by hydraulic fluid pressure.

Ampildyne

An amplidyne can be used as a combined
amplifier and controller, since a small amount
of power applied to its input terminals controls
many times that amount of power at the output,
Figure 5-33 shows an amplidyne arrangement.

The generator is driven continously, at a
constant speed, by the amplidyne drive motor,
The generator has two control field windings
that may be separately excited from an external
gource. When neither field winding.-is excited,
_there is no. output from the generator, even
though it s running. If follows that no voltage

AMPLIDYNE GENERATOR

AMPLIDYNE DRIVE MOTOR ARMATURE

FIELD
POLE

Figure 5-33.—Amplidyne controller.’

1 4836

is then applied to the armature of the load driv-

ing motor. (The field winding of the motor is
constantly excited by a d-c voltage.) The am-
plidyne generator amplifies a low-power signal
(error signal) into one strong enough to move a
heavy load.

The control field windings of the generator
are arranged so that the polarity of the exci-
tation voltage from the sensor will determine
the polarity of the generator output voltage. The
generator output is connected to the loaddriving
motor armature through the latter’s commu-
tator. Since the field of the motor is constantly
excited by a fixed polarity, the polarity of the
voltage applied to the armature will determine
the direction of armature rotation.

Amplidynes have long been used in power
drives for positioning guns and launchers, al-
though none are used in ‘current missiles.

ACTUATOR UNITS

The actuator unit is the device that converts
_the error detected by the sensor into mechanical
motion to operate the appropriate controldevice
that will correct the error or compensate for it.

GENERATOR

ARMATURE CONNECTION

SHORT CIRCUITED
BRUSHES

+ @ - -
COMP ENSATING ' FIELD WINDING
#1EL D WINDING DC SUPPLY |
) N - - . .
: : DC SIGNAL LOAD- DRIVING MOTOR
CONTROL _ _ _
FIELD WINDINGS _ INPUT FROM . _
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